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Abstract

Inteins mediate protein splicing, which has found many applications in biotechnology and protein
engineering. A single valine-to-leucine mutation (V67L) can globally enhance splicing and related
cleavage reactions in minimized Mtu RecA inteins. However, the V67L mutation causes little
change in crystal structures. To test if protein dynamics contribute to activity enhancement in the
V67L mutation, the conformations and dynamics of the minimized and engineered intein AAlhh-
V67CM and a single V67L mutant, AAIhh-L67CM, have been studied by solution NMR.
Chemical shift perturbations established that the V67L mutation causes global changes, including
changes at the N- and C-termini of the intein, which are active sites for protein splicing. The single
V67L mutation significantly slows down hydrogen exchange rates globally, indicating a shift to
more stable conformations and reduction in the ensemble distribution. Whereas the V67L
mutation causes little change for motions on the ps-ns timescale, the motions on the ps-ms
timescale affect a region involving the conserved F-block histidine and C-terminal asparagine,
which are important residues for C-terminal cleavage. The V67L mutation is proposed to activate
splicing by reducing ensemble distribution of the intein structure and by modifying the active
sites.
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Introduction

Protein splicing is an auto-catalytic posttranslational process in which an in-frame protein
fusion, called an intein, is excised from the precursor protein with the concomitant ligation
of the two flanking exteins, the N- and C-exteins.! Inteins have been widely used in protein
engineering, labeling, purification, and control of protein functions. 2~ Inteins are also
attractive drug targets as they are only found in unicellular organisms. In principle, intein
inhibitors, as a novel class of antibiotics, would have minimal toxic effects to human cells.’
In Mycobacterium tuberculosis (Mtu), two important enzymes, RecA recombinase and
DnaB helicase are interrupted by intein sequences. Active RecA and DnaB enzymes are only
generated after intein-mediated protein splicing, making protein splicing a desirable target
for new anti-tuberculosis drugs.

Intein sequences are characterized by conserved blocks (Fig. 1a and 1b).1 The A-block
contains the first residue of the intein, usually a cysteine or serine which acts as a
nucleophile for N-X acyl shift, the first step of protein splicing. The B-block is characterized
by the highly conserved TXXH motif. In the Mtu RecA intein, there are conserved residues,
histidine (H429) and aspartate (D422), in the F-block. When D422 is mutated, e.g. to a
glycine, C-terminal cleavage occurs instead of protein splicing.8 The penultimate histidine
(H439) and the C-terminal residue N440 in the G-block take part in asparagine cyclization,
which is coupled to C-terminal cleavage.

The RecA intein, composed of 440 residues, has been extensively engineered and
characterized.>~14 An active 168 residue mini-intein (Al; 110A383, containing residues 1—
110 and 383-440 of the RecA intein) was created by the removal of the homing
endonuclease domain, which, however, resulted in decreased splicing activity.® To restore
intein activity, random mutagenesis was carried out with the mini-intein (Al) and two
interesting mutations, Al1-SM (Splicing Mutant) and AI-CM (Cleavage Mutant), were
discovered.® A single V67L mutation in AI-SM restores the protein splicing activity to
almost the same level as that of the full-length intein. In contrast, AI-CM promotes C-
terminal cleavage with no obvious splicing activity, primarily due to D422G and V67L
mutations.® Guided by crystallographic structures of Al-SM, a long disordered loop in the
mini-intein was replaced with a corresponding short B-turn in the hedgehog proteins to
generate the 139 residue “mini-mini intein” or the AAlhh derivatives (Fig. 1), which
maintained protein splicing activity.10

The activity enhancement of the V67L mutation was universal for a variety of minimized
Mtu RecA inteins with more than 137 residues.10 This effect was also independently
observed by Buskirk et al. using directed evolution.1> Wood et al. proposed that the removal
of the endonuclease domain destabilized the intein and the VV67L mutation restored intein
stability.8 It was shown by cavity analysis that V67L improved packing interactions in the
hydrophobic core.16 Hiraga et al. demonstrated that the V67L mutant is more resistant to
thermolysin digestion in the presence of denaturing reagent, and hence appears more stable.
10 Although increased stability may contribute to the activating effect of V67L, enzyme
stability and activity are often uncoupled.” For example, highly stable thermophilic
enzymes usually have lower activity at room temperature compared with their mesophilic
counterparts.
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V67 was located in the conserved B-block and sequence alignment showed that this position
was almost always a hydrophobic amino acid.1® Crystal structure of AAlhh revealed that
V67 was located in a hydrophobic core and adjacent to the highly conserved TXXH motif
(Fig. 1a).12 Structures of A Alhh (V67) and A Alhh-SM (V67L), crystallized in the same
space group, were found to have an RMSD of 0.2 A and no detectable differences were
observed for the N-terminal and C-terminal splicing junctions, or active site residues (Fig.
1b).12 Thus, the precise mechanism of V67L activation and stabilization remained unclear.

In this paper, we applied solution NMR to two AAlhh inteins with a single mutation at 67
position, V67 vs L67 (Fig. 1), to explore the mechanism of the VV67L stabilization and
activation of protein splicing. We chose to study AAlhh-V67CM and AAlhh-L67CM
because AAIhh-L67SM was found to be more prone to aggregation, which would complicate
the NMR relaxation analysis. In contrast, AAlhh-V67CM and AAlhh-L67CM were
predominantly monomers in solution, as shown by analytical ultracentrifugation (AUC)
(Supplementary Data Fig. S1). Although a few NMR studies have been carried out for
inteins, 13714: 19-22 ng in-depth characterization of intein dynamics have been performed at
atomic resolution and at multiple timescales. We used chemical shift perturbation, hydrogen
deuterium exchange, 1°N spin relaxation and residual dipolar coupling (RDC) to show that
V67L causes global changes in solution and inteins have unique dynamic properties which
contribute to their splicing activity.

Chemical shift perturbation shows global changes affecting active sites

V67 mutation causes extensive chemical shift perturbation in AAIhh-L67CM (Fig. 2a-2b).
Excluding residue 67 at the mutation site, ten residues with the strongest chemical shift

changes (A8), with AS defined as Ad= /(10A6,,)*+(A5,)*, were W68, 161, E434, L59,
N440, L76, H439, A62, 166, and L2, listed in decreasing order of As. Large Ad values were
not only observed for residues close to V67 (L59, 4.1 A, amide N to N distance from V67;
166, 3.4 A; W68, 3.5 A; 161, 5.8 A; E434, 7.0 A), but also for residues located quite far
away from the mutation site (A62, 9.1 A; L2, 10.9 A; H439, 12.4 A; N440, 14.7 A; L76,
11.9 A). AS values were mapped onto the ribbon diagrams of AAIhh-L67CM crystal
structure in Fig. 2c, which demonstrated that chemical shift perturbations radiated from the
mutation site continuously to remote sites of the protein through p-strands.

Interestingly, residues from both the N- and C-terminal splice junction (L2, H439 and N440)
experienced strong chemical shifts perturbations, indicating transmission of structural and/or
dynamic changes to the intein active sites at the N- and C-terminal splicing junctions. Such
perturbations at the intein active site may account for the global activity enhancement effect
of the V67L mutation. C1 amide was not observed due to fast exchange with solvent. No
significant chemical shift changes were observed for residues at the most conserved TXXH
motif, even though the motifs are close to V67 based on the crystal structure of AAlhh.12

Hydrogen exchange demonstrates large changes in protein motion and stability

Labile protons on proteins are constantly exchanging with protons from solvent at different
rates depending on various aspects of their environment, such as their exposure to the
solvent or their involvement in H-bonds, secondary and global structures. Amide hydrogen
exchange experiments allow us to determine the dynamics of a protein on a timescale of
minutes to days. 1°N-IH HSQC spectra were acquired at various times after lyophilized
samples were reconstituted in D,O for both AAIhh-V67CM and AAlhh-L67CM. For AAlhh-
V67CM, 20 min following the dissolution in D,0, the amides of 45 residues (37.5% of 120
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observable backbone amides) were already completely exchanged and not visible in the
HSQC spectrum (Supplementary Data Table S2). These fast-exchanging residues are mainly
located on the surface of the protein (Fig. 3a). Thereafter, 31 residues (26%) were
exchanged between 20 min and 32 hours and 44 (37%) backbone amides have an exchange
time longer than 32 hours. These three classes of amide protons were characterized as fast,
intermediate and slow in solvent exchange. Similarly for AAIhh-L67CM, 20 min following
the dissolution in D50, the amides of 45 residues (38%) were already exchanged and were
therefore not visible in the HSQC spectrum, 21 residues (18%) exchanged between 20 min
and 32 hours and 54 (45%) took longer than 32 hours. Therefore the V67L mutation
substantially increases the number of slowly exchanging amides (Table 1).

The protection factor(s) P for AAIhh-V67CM and AAIhh-L67CM are summarized in Table
S1 and Fig. S2 in Supplementary Data. Although the absolute values of the protection
factors may have uncertainties due to compounding factors in the calculation in ki (see
materials and methods), the comparison of the P values between the two intein variants is
accurate because of the cancellation of ki, in calculatingAP. The average protection factor
for AAIhh-V67CM was about 0.4 smaller than that for AAIhh-L67CM (5.9 vs 6.3),
corresponding to an energy difference of 0.5 kcal/mol (AGgp, = 8.1 kcal/mol and 8.6 kcal/
mol for AAlhh-V67CM and AAlhh-L67CM, respectively). The differences in protection
factor, i.e. the protection enhancement caused by the V67L mutation, were color-coded onto
the ribbon diagram of the crystal structure of AAIhh-L67CM (Fig. 3b), showing AAlhh-
L67CM has generally enhanced protection factors overAAlhh-V67CM throughout the
protein. This observation indicates that V67L mutation reduces the dynamic events
responsible for solvent exchange, such as global and/or local folding of the protein.

The inteins have unusually rigid termini on the ps-ns timescale

NMR spin relaxation was carried out in order to compare the dynamics of V67 and L67 on
the ps-ns and us-ms timescales. To ensure an appropriate comparison, the aggregation
properties of the two proteins in solution were studied by sedimentation equilibrium
experiments (Supplementary Data Fig. S1). The molecular weights obtained for AAlhh-
V67CM and AAlhh-L67CM from the global fit were 16.2+0.1 kDa and 16.0£0.1 kDa,
respectively, in good agreement with the theoretical molecular weight for the monomeric
proteins (15.5 kDa, expected for uniformly 15N-labeled proteins). These results indicated
that both proteins remained predominantly monomeric in solution, therefore allowing a fair
comparison through 1°N spin relaxation. Little difference was observed between the
relaxation rates of these two proteins (Supplementary Data Fig. S3). The average
generalized order parameters, S2, obtained for both proteins are 0.89 (Fig. 4a). As expected
from the relaxation rates, the site-specific S2 values were similar over almost the whole
intein sequence (Fig. 4a). AS? values caused by the V67L mutation were distributed around
zero with small isolated fluctuations (Fig. 4b,4d). Thus the V67L mutation did not perturb
protein dynamics on the ps-ns timescale.

Although 15N spin relaxation did not uncover dynamic effects of the V67L mutation, it did
reveal unique features of intein dynamics on the ps-ns timescale. The average S? of 0.89 was
exceptionally high. The values of backbone amide bond length (ryH) and chemical shift
anisotropy (CSA) used in Modelfree analysis (1.02 A and 172 ppm, respectively) typically
resulted in a generalized order parameter of 0.85 for the structured regions (a-helices and -
strands), and lower values for exposed loops and termini regions.23 Both N- and C-termini
had NOE values similar to the rest of the protein (Supplementary Data Fig. S3d), indicating
that the inteins were rigid at both N- and C-termini on the ps—ns timescale. Modelfree
analysis further demonstrated that N- and C-terminal residues of both proteins exhibited
high S2 (Fig. 4a), showing no increase in flexibility as commonly observed at the termini of
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proteins.24 The termini in proteins usually have ~20-30% lower order parameters compared
with the rest of the protein.oy4

Motions on the ps-ms timescale affect F-block histidine and surrounding residues

For both proteins, the amide nitrogen of L428 and T430 had significantly elevated R, values
with Ry > Raye + 56, Where o is the standard deviation of R, (Supplementary Data Fig. S3b),
indicating that these residues experience chemical exchange caused by motions on the us-ms
timescale. As expected, Modelfree analysis resulted in large Rey Values for these two
residues (Rex> 10 s71; Fig. 4c).

Residual dipolar couplings (RDC) of the NH groups were measured in both AAlhh-V67CM
andAAIhh-L67CM at 600 MHz. The RDC values agreed well with predictions based on the
crystal structure of AAIhh-L67CM (Supplementary Data Fig. S4), suggesting that there are
no major structural changes between the solution and crystal structures, and between the
V67 and L67 variants. For amide groups without chemical exchange RDC values have a
similar orientation dependence on the rotational diffusion tensor as T1/T». Indeed, a
significant correlation between amide RDCs and T1/T, has been observed for proteins and
deviation from this correlation was proposed as a signature for chemical exchange.2> 428
and T430 were clear outliers in the plot of residual dipolar couplings (RDCs) Dyy Vs T1/T2
for both AAIhh-V67CM (Fig. 5a) and AAlIhh-L67CM (Fig. 5b). Thus RDC data confirmed
that the two neighboring residues of the F-block H429, L428 and T430, experience chemical
exchange broadening caused by motions on the ps- ms timescale. In addition, RDC vs T1/T»
plots (Fig. 5a and 5b) suggested E426 and N440 experienced chemical exchange. This is
especially a clear-cut for E426 in AAlIhh-L67CM (Fig. 5b).

The backbone amide of H429 was not observed in 15N-1H HSQC spectra between 278-298
K, most likely due to chemical exchange broadening. As temperature increases, the cross
peak for H429 started to appear in the 15N-1H HSQC spectra (Fig. 5¢). The assignment of
H429 at 328 K was confirmed by 3D 1°N HSQC-NOESY and can be traced at other high
temperatures through the natural temperature dependence of the amide cross peak. The
dramatic increase in peak intensity with temperature from 278 K to 328 K (Fig. 5c) clearly
demonstrates the existence of strong chemical exchange effects, and the transition of
chemical exchange timescale from intermediate towards fast for H429. Chemical exchange
also affects the C-terminal residue N440. The sidechain NH, group of the C-terminal
residue N440 was weak when compared with a regular NH, group, e.g. that of Q51 (Fig.
5d). The backbone amide bond of N440 also experienced small chemical exchange, as
shown in Fig. 5b.

To further confirm the presence of chemical exchange and to obtain more details about the
chemical exchange process, Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion 26: 27
was carried out (Fig. 5e-f). We obtained similar R, values measured from a Hahn echo
experiment and CPMG experiment with tcppg 0f 1 ms at 298 K, suggesting the exchange
time scale is fast and key is significantly faster than 1000 Hz at 298 K (data not shown). In
order to obtain a CPMG dispersion curve with the smallest tcppg of ~ 1 ms, we had to slow
down the exchange process by lowering the temperature. The minimized inteins aggregate at
higher concentrations, limiting the available temperature range. At 293 K, a dispersion curve
was obtained for E426, with a key 0f ~7000 sec™! (Fig. 5e). Meanwhile, residue A65, shows
no dispersion and can serve as a control residue. Signals from L428, H429, T430 and N440
were too weak for dispersion measurement.

All these amide groups with chemical exchange, E426, L428, H429, T430 and N440, are
clustered near the C-terminal splicing junction in the 3D structure of the intein (Fig. 59).
These residues are located near a tight turn maintained by a hydrogen bond between H429
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HN and E426 CO. Because the F-block histidine H429 and the C-terminal residue N440
play key roles in the C-terminal cleavage step of protein splicing, motions on the pus-ms
timescale may modulate protein splicing activity.

Discussion

X-ray and NMR provide complementary views of the V67L mutation

Although X-ray crystal structures revealed essentially no structural change due to the V67L
mutation, NMR chemical shift perturbation uncovered global changes caused by this
mutation, in particular, changes at the intein active sites. The absence of macroscopic
rearrangement due to the V67 mutation in the X-ray structure was confirmed by the good
agreement between residual dipolar coupling (RDC) values determined by solution NMR
and those predicted by the X-ray structure (Supplementary Data Fig. S4). However,
chemical shifts of amide protons and nitrogen are sensitive to minute structural changes,
such as variations in hydrogen bond length on the order 0.1 A, 28 which can not be detected
by X-ray crystallography, and which maybe important to enhanced intein catalysis.

The vast majority of X-ray structures report a single structure for a protein. Although protein
dynamics can manifest itself as reduced electron density in crystallography, conventional X-
ray crystallography is not a preferred method for characterizing protein dynamics. In
contrast, solution NMR chemical shifts of a protein are ensemble averaged quantities and
are therefore sensitive to protein dynamics and the redistribution of the ensemble of protein
conformations in solution, upon mutation or ligand binding. Structures in a crystal lattice are
selected by the crystallization process and crystal contacts may introduce a bias toward a
certain conformation that is common to the ensemble of both V67 and L67 variants.

These effects likely explain why extensive chemical shift perturbation is observed with the
V67L mutation in the absence of significant change in crystal structures. Such perturbation
caused by V67L may reflect underlying conformational and dynamic changes important for
enhanced intein catalysis. There could be subtle alterations in the active site geometry,
promoting catalysis. V67L may shift the ensemble population towards a state more
conducive to catalysis, consistent with the redistribution of the conformational ensemble to
more stable structures as shown by our HD exchange results and previous studies of
protease digestion with thermolysin. 10

Interestingly, many residues that showed strong chemical shift perturbations, L2, L59, 161,
W68, and E434, also exhibited strong chemical shift changes induced by a F421Y mutation,
which was isolated by a phage display screening for inteins with high activity.20 Thus, there
is a network of residues with highly correlated structural and dynamic properties in the
intein,29=30 including residues near the active site. This network of residues could be
responsible for allosteric communication, also termed the “ripple effect”,20 between remote
sites in inteins.

Protein dynamics and intein catalysis

Motions probed by hydrogen exchange—Amide protons with fast exchange rates
may exchange with solvent directly if they are on the surface of the protein, or through a
localized unfolding process. In contrast, amide protons with intermediate to slow exchange
rates would require cooperative unfolding of one or more secondary structures, or global
unfolding. In the EX2 mechanism 3! for amide exchange, the greater the protection of the
amide proton from hydrogen exchange, the higher the energy for protein unfolding, the more
stable the structure of the protein. The fact that AAIhh-L67CM is thermodynamically more
stable than AAIhh-V67CM, as deduced from a slower amide proton exchange rates,
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demonstrates that the V67L mutation stabilizes the protein. This is consistent with the
previous finding that AAIhh-L67CM has greater resistance to thermolysin proteolysis than
AAlhh-V67, as unstable or denatured proteins are more prone to proteolytic digestion.10
Interestingly, a few residues with important roles in intein catalysis have slow hydrogen
exchange rates. For example, residues in the TXXH motif and G422 (Fig. 1a) have
protection factors as high as 7 (Table S1). Even more striking is that residues next to the C-
terminus, residues 437-439, have high protection factors. This is consistent with the idea
that a rigid C-terminus may be important for intein catalysis.

Motions at the ps-ns timescale—Motions at the ps-ns timescale have been probed

by 15N spin relaxation. The enhanced rigidity of the N- and C-termini of the intein is most
likely related to their function as both the active sites and substrates for the protein splicing
reaction. The N-terminal residue of the intein, usually a cysteine or serine, contributes a
nucleophile for N-S acy! shift, the first step of protein splicing, whereas the C-terminal
residue, almost always an asparagine, plays a key role in the C-terminal cleavage step of
protein splicing. Thus the precise orientation of both termini relative to each other and other
active site residues, such as the most conserved B-block histiding, is likely crucial for the
activity of the enzyme. Such high S2 values at the termini are extremely rare, but have been
observed in ferricytochrome ¢55132 and TEM-1 B-lactamase33.

Motions at the ps-ms timescale—Motions at the us-ms timescale manifest themselves
in the NMR spectra as the chemical exchange effect, enhancing the transverse relaxation
rate (R,). A cluster of amides near the F-block histidine has been found to experience
motions on the ps to ms timescale (Fig. 5g). The dynamics of this region will likely affect
intein catalysis because the F-block contains the conserved histidine H429 and the C-
terminal asparagine N440. H429 has been shown to modulate C-terminal cleavage, while the
side chain NH. group of the C-terminal asparagine directly participates in C-terminal
cleavage.1l: 34 It was suggested that H429 can deprotonate the NH, side chain of N440
through a structurally conserved water molecule to activate the N& of N440, to initiate the
nucleophilic attack of the scissile bond and asparagine cyclization.1:13-14 The observed
motions may reflect a conformational exchange between a low energy ground state and a
catalysis-competent excited state, e.g. the on and off interaction between H429 with the
catalytic water or the equilibrium between the cyclization of N440 and the hydrolysis of
succinamide.

We report the first in-depth analysis of protein dynamics in inteins with atomic resolution
and at multiple timescales. We used chemical shift perturbation, hydrogen exchange, 1°N
spin relaxation and CPMG to study the effects of an activity enhancing mutation V67L.
Although previous X-ray studies did not reveal any structural effect of this single mutation,
our chemical shift perturbation mapping indicated that there were changes in the N-terminal
and C-terminal splicing junction of the intein, which are the active sites for protein splicing.
Hydrogen exchange experiments showed that the V67L mutation significantly slowed down
amide proton exchange rates and stabilized the intein. The two inteins were rigid in
backbone with averaged order parameters of 0.89 across the protein sequence. Surprisingly,
the N- and C-terminal amide bonds in the inteins displayed unusual rigidity, which may be a
prerequisite for intein catalysis by maintaining optimal active site geometry. Residues
exhibiting chemical exchange clustered near the F-block histidine and the C-terminal
asparagine and such ps-ms time scale motion likely contributes to the mechanism of intein
activity.
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Material and Methods

Protein overexpression, purification and NMR sample preparation

NMR samples of AAlIhh-L67CM and AAlhh-V67CM were prepared as described
previously.13 The E. coli strain JIM101 transformed with the overexpressing plasmid was
grown at 37 °C to an ODggg of 0.3-0.4 and induced with 1 mM isopropyl B-D-
thiogalactoside (IPTG) at 20 °C, then grown for additional 20-24 hours at 20 °C. Isotope
labeling was accomplished by growing cultures in M9 minimal medium containing either 1
g/L 1NH,CI for a uniformly 15N-labeled sample, or 1 g/L 1°NH,Cl and 1 g/L 13Cg-D-
glucose (Cambridge Isotope Laboratories) for a uniformly 1°N- and 13C-labeled sample. The
pure protein was concentrated and exchanged by ultrafiltration with Amicon Ultra
centrifugal filter devices (Millipore Cooperation) (10-kDa molecular weight cutoff) into 50
mM sodium phosphate buffer, pH 7.0, with 100 mM NaCl and 1 mM NaNs. The final
protein concentration in the 500 ul NMR samples was 0.15-0.3 mM.

NMR resonance assignment

We have previously carried out the backbone sequential assignment for AAlhh-L67CM
(BMRB accession number 15560)13 and the backbone assignment was accomplished
forAAIhh-V67CM in a similar manner. For both AAIhh-V67CM and AAlhh-L67CM, we
were able to carry out the backbone amide assignments for 131 of the 134 observable
amides, while C1, G63, and H429 remain unassigned at 298 K. There are five proline
residues, P11, P28, P44, P71, and P414 in the 139 residues of minimized intein sequence
(Fig. 1a). All amide chemical shifts are listed in Supplementary Data Table S2. For AAlhh-
V67CM, T15, V23, A35, 157, W81, G90, V93, V95, Y406, E411, and F421 show spectral
overlap. For AAlhh-L67CM, A35, D50, L59, L69, W81, G90, V93, V95, R405, E427, and
H439 show spectral overlap. Because of the spectral overlap, all residues aforementioned
were only used in chemical shift perturbation analysis, but not in deuterium exchange or
detailed relaxation analysis.

Hydrogen Exchange Measurement and Analysis

Aqueous samples containing 0.15-0.30 mM 1°N-labeled proteins were lyophilized and then
dissolved in 99.98 % D,0 prior to 1°N-IH HSQC NMR measurements for amide hydrogen
exchange rate determination. Spectra were taken every 60 minutes for a total duration of ~32
hours. Peak intensities were fit to a single exponential decay function for hydrogen
exchange rate constant (Key) according to I (t) = lpe Rt

The exchange data can be used to compare the relative thermodynamic stabilities between
AAlhh-V67CMand AAIhh-L67CM. Hydrogen exchange usually occurs through the
following mechanism:

1\“’ Kint

4 k
P- NH(closed) Z_)—- P- NH(open) —> P—-ND
cl

where ko and kg are the rates of a global or local unfolding event that exposes the amide
proton to exchange with solvent with a rate of kj. The values of ki, are considered as the
sum of the contributions by acid catalyzed, base catalyzed, and water catalyzed hydrogen
deuterium exchange rate and can be readily obtained based on protein primary sequence,
pH, and salt concentration, as shown in equation 1.3°
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kin=k(acid)+k(base)+k(water)=k, (A, XA [ D*1+k,, (B, xB)[OD ]+, (B, xB,) -

Biref

where Ka ref, K ref, and Ky ref Stand for specific acid, specific base, and water catalyzed
exchange rate constants. A, Ag, B, and Bg are the effects of neighboring amino acid side
chains on acid (A) and base (B) catalysis with L and R refer to peptide groups to the left and
right. To predict exchange rates at different temperatures, activation energy of 14, 17, and
19 kcal/mol are used to as acid catalyzed, base catalyzed, and water catalyzed activation
energy, respectively.3®> Some uncertainties in kjn; may be expected because of the uniform
E, used without considering primary sequence effects. However, the comparison of the P
values between the two intein variants is accurate because of the cancellation of Kipt in
calculating AP. The opening event can be global unfolding, local unfolding, or the isolated
breakage of a hydrogen bond. Assuming the EX2 mechanism where kgj » kipy31: 35736,
which is commonly observed at neutral pH conditions for folded proteins, the protection
factor and AG,p, can be calculated through:

len(kinr/ka\ )s 2)

AGO]J: — RTln(kcx/kin[)s (3)

where key Stands for observed exchange rates.

Residual dipolar coupling (RDC) measurement

RDCs were extracted from the change in J splitting as a function of the minute changes in
molecular alignment in magnetic field. The observed splitting between the amide nitrogen
doublets corresponds to the sum of the scalar and dipolar interactions, Jyyy and Dyy. Iy iS
independent of alignment, to a very good approximation whereas Dy is dependent on the
direction of the N-H bond in the alignment frame. Dy can be obtained from the difference
between the N-H splitting measured with and without alignment medium. Both AAlhh-
V67CM and AAIhh-L67CM were aligned in 7.5% polyacrylamide gels with a stretch ratio
(do/dy) of 1.29 using apparatus described by Chou et al. 37 to measure splitting using the
IPAP method described by Ottiger et al. 38 To compare the global fold of solution structure
with the crystal structure of AAIhh-L67CM,12 backbone amide RDCs calculated from the
crystal structure were compared with experimentally determined RDCs using PALES.3?
Only the AAIhh-L67CM crystal structure (pdb code: 2IN8) is used because the crystal
structure of AAIhh-V67CMis not available. Either singular value decomposition or non-
linear minimization for best alignment orientation with fixed D, or D, was carried out.

I5N relaxation rates and Analysis

All NMR experiments were carried out at 298 K on either a Bruker 600 or a Bruker 800
MHz spectrometer, each equipped with a triple-resonance cryogenic probe. Relaxation
properties of AAIhh-V67CM and AAIhh-L67CM were characterized by 1°N Ry, R, and
heteronuclear steady-state NOE experiments (Supplementary Data Fig. S3). These
relaxation parameters were sensitive to motions occurring at the timescale of protein
tumbling or faster, on the order of ps to ns. T, To and NOE experiments were performed
using the pulse sequence described by Farrow et al.*% At 600 MHz, NMR spectra were
acquired with 2048 (t,) x 256 (t;) complex data points, spectral widths of 9615 Hz in H and
2432 Hz in 1N, and 16 scans. The recycle delay was 3.0 s. T relaxation times of 10 (x2),
100(x2), 200, 300, 400(x2), 500, 600, 700, 800, and 900 ms were used. T, relaxation times
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of 6(x2), 20, 34, 48, 62, 76, 90(x2), and 104 ms were used. {*H} 1°N steady-state
heteronuclear NOEs were obtained by interleaving the proton saturation experiment and no
proton saturation experiment at each t; point. Recycle delay was 8 s and proton saturation
was achieved by applying 120 degree proton pulse at 5 ms delay. All NMR data were
processed with NMRPipe*! and analyzed with Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco). For each T and T, experiment, the
spectrum with the shortest relaxation time (highest intensities) was peak picked with Sparky.
Fitting for relaxation rates was accomplished using the program CURVEFIT (A. G. Palmer,
Columbia University, New York, NY). Uncertainties for R; and R, were calculated by the
Jackknife procedure using CURVEFIT (A. G. Palmer, Columbia University, New York,
NY). The heteronuclear NOE values were obtained from the ratio of the peak heights

for 1H-saturated and unsaturated spectra. The mean and standard deviation for the
heteronuclear-NOE data was calculated from three pairs of experiments. The uncertainties
on the NOEs were set to 2 times the standard deviation between intensities of duplicate
experiments, as previously used by Savard et al.33 For both AAlhh-L67CM and AAIhh-
V67CM, we found 120 residues with well-resolved peaks in the 1°N-1H HSQC spectrum to
warrant quantitative relaxation analysis on a per-residue basis. In addition to three
unassigned amides, 11 more residues were not adequately resolved to permit relaxation
analysis. The residues not included for relaxation analysis were: T15, V23, A35, 157, W81,
G90, V93, V95, Y406, E411, and F421 in AAlIhh-V67CM; A35, D50, L59, L69, W81, G90,
V93, V95, R405, E427, and H439 in AAIhh-L67CM.15N NMR relaxation was analyzed
using ryp of 1.02 A as the mean amide nitrogen-hydrogen bond length, and Ao = ooy is
the CSA of 172 ppm. The amplitudes and timescales of the internal motions of the protein
were determined from the relaxation data according to the model-free formalism pioneered
by Lipari and Szabo*? 43 and extended by Clore et al.,** by using the program Modelfree
(version 4.15, A. G. Palmer, Columbia University) in combination with FastModelfree.*
The generalized order parameters (S2) obtained by Modelfree described the amplitude of
internal motion for individual amide bonds.

CPMG relaxation dispersion data acquisition and analysis

CPMG relaxation dispersion data were acquired at both 800 MHz and 600 MHz magnetic
fields using the relaxation-compensated pulse sequences described by Loria et al. 46 and
Tollinger et al.*” CPMG frequencies of 80, 240, 400, 560, 720, 880, 1040, and 1200 Hz
were used along with total relaxation period of 50 ms. The carrier frequency was set to 126
ppm to accommaodate the chemical shift of E426 and minimize off-resonance effects due to
the high-power 180 CPMG pulses. Effective transverse relaxation rates were extracted by a
two-point estimate and data were analyzed using the full Carver-Richards equation 48 and
program CPMGFIT 49 assuming a two-site exchange.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence and structure of minimized Mtu RecA inteins. (a) Sequences, secondary

structures, and conserved blocks of engineered and minimized intein AAlIhh-V67CM. The
residues in the minimized inteins are numbered according to the full length Mtu RecA intein,
which results in a discontinuity (A) in residue numbers due to the deletion of the
endonuclease domain and the replacement of a disordered loop. AAIhh-L67CM is different
from AAlhh- V67CM only by the single V67L mutation (V67 colored in red). Conserved
blocks are denoted by dashed lines underneath the sequence. In the CM mutant, the
conserved D422 is replaced by G422 which is marked in green. Highly conserved residues
are marked by arrows. (b) V67L mutation does not cause major changes in X-ray crystal
structure. 3D structure of AAIhh-L67SM®0 is overlaid with that of AAIhh-V67SM (red).
Shown in stick representation (yellow) are the active site residues, C1, H73 (B-block
histidine), D422 (F-block aspartate), H429 (F-block histidine), H439 (penultimate histidine)
and the C-terminal residue N440. The L67 side-chain is colored purple.
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The V67L mutation causes global changes, affecting the N- and C-terminus of the intein.
Peaks with large chemical shift perturbations are labeled. (a) Overlay of 1°N-1H HSQC
spectra of AAIhh-V67CM (cyan) and AAIhh-L67CM (red) mutants. (b) Chemical shift

difference Ad= /(10A5,)*+(A5,)* between AAIhh-V67CM and AAIhh-L67CM mutants
plotted against residue number. (c) Projection of V67L chemical shift perturbation onto the
crystal structure ofAAIhh-L67CM (pdb code: 2IN8). The ribbon color is linearly
interpolated between red and purple for Ad between 3.0 and 1.0 ppm; and between purple
and cyan for Ad between 1.0 and 0 ppm. The ribbon is colored grey when chemical shift

differences are not available, for prolines, N-terminal residue and unassigned residues.

Residue L67 is displayed in meshed CPK mode.
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Figure 3.

V67L causes significant changes in hydrogen-deuterium exchange rates key. (a) Projection
of key for AAIhh-V67CM onto the 3D structure of the intein. The ribbon color is linearly
interpolated between yellow and cyan for key between 0.025 and 0.0005 min~1; and between
cyan and blue for key between 0.0005 and 0.000005 min~2. Residues with fast hydrogen
exchange rates, key,> 0.025 min~1, are colored in red. The ribbon is colored grey when ey is
not available. Residue V67 is displayed in meshed CPK mode. (b) Projection of the change
in the protection factor (AP=Painh-L67cM—PaAlhh-ve7cm) caused by the V67L mutation
onto the intein 3D structure. The ribbon color is linearly interpolated between blue and green
for protection difference between 1 and 0; and between green and red for protection factor
difference between 0 and —1. The ribbon is colored grey when protection factor
enhancement data were not available.
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termini. (a) Generalized order parameter, S2. (b) Difference of generalized order parameter,
AS?, between AAlhh-V67CM and A Alhh-V67CM, AS? = S2(A Alhh-L67CM) —S2(A Alhh-

V67CM). (c) Rex, chemical exchange contribution to 15N Ry. (d) Histogram plot of
frequency against the difference of the difference of generalized order parameter, AS?,
between AAIhh-V67CM and A Alhh-V67CM, AS? = S2(A Alhh-L67CM) —S2(A Alhh-

V67CM).
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Figure 5.

Motions at ps - ms timescale in inteins. 15N Ro/Rqvalues are plotted versus amide proton-
nitrogen residual dipolar coupling, Dy, for AAIhh-V67CM (a) and A Alhh-L67CM (b).
L428 and T430 clearly have contributions from chemical exchange due to motions at ps to
ms timescale. (c) Temperature dependence of 1°N-IH HSQC. The H429 peak becomes
stronger at higher temperature, demonstrating the effect of chemical exchange and the
transition from intermediate to fast timescale for chemical exchange with increasing
temperature. (d) NH, groups in 1°N-1H HSQC of inteins. The cross peaks for the NH, group
of N440 are much weaker than other peaks and those of Q51, suggesting the effect of
chemical exchange. () CPMG dispersion curve for E426 obtained at 293 K and at both 800
MHz (solid circles ‘@) and 600 MHz (open circles ‘o *) and their associated fitting curves.
(e) CPMG curve for A65 obtained at 293 K and at both 800 MHz (solid circles ‘e *) and 600
MHz (open circles ‘o ”) shows no dispersions. (g) Locations of nitrogen nuclei experiencing
us - ms timescale motion in the intein structure. Amide nitrogen nuclei with Rgy (blue
spheres) are clustered near the turn formed by the hydrogen bond (red dashed line) between
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E426 CO and H429 NH. Residues with Ry, including amides of conserved H429 and N440

are located at the C-terminal splicing junction. It is noteworthy that the N-terminal splicing
junction (C1) is nearby as well.
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Table 1

Number of residues with fast, intermediate and slow solvent exchange rates.

Classification Exchange Time AAlhh-V67CM  AAlhh-L67CM)

fast 0 to 20 minutes 45 45
intermediate 20 minutes to 32 hours 31 21
slow Greater than 32 hours 44 54
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