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ABSTRACT: Results of the first detailed study of the structure and kinetic stability of the model high-affinity protein—ligand
interaction between biotin (B) and the homotetrameric protein complex streptavidin (S,) in the gas phase are described.
Collision cross sections () measured for protonated gaseous ions of free and ligand-bound truncated (residues 13—139) wild-
type (WT) streptavidin, i.e., S,*" and (S,+#4B)™* at charge states n = 12—16, were found to be independent of charge state and in
agreement (within 10%) with values estimated for crystal structures reported for S, and (S,+4B). These results suggest that
significant structural changes do not occur upon transfer of the complexes from solution to the gas phase by electrospray
ionization. Temperature-dependent rate constants were measured for the loss of B from the protonated (S,+4B)"" ions. Over the
temperature range investigated, the kinetic stability increases with decreasing charge state, from n = 16 to 13, but is
indistinguishable for n = 12 and 13. A comparison of the activation energies (E,) measured for the loss of B from the (S,+4B)"**
ions composed of WT streptavidin and five binding site mutants (Trp79Phe, Trp108Phe, Trp120Phe, Ser27Ala, and Tyr43Ala)
suggests that at least some of the specific intermolecular interactions are preserved in the gas phase. The results of molecular
dynamics simulations performed on WT (S,+4B)"** ions with different charge configurations support this conclusion. The most
significant finding of this study is that the gaseous WT (S,+4B)"" ions at n = 12—14, owing to a much larger E, (by as much as 13
kcal mol™") for the loss of B, are dramatically more stable kinetically at 25 °C than the (S,+4B) complex in aqueous neutral
solution. The differences in E, values measured for the gaseous (S,+4B)"" ions and solvated (S,+4B) complex can be largely

accounted for by a late dissociative transition state and the rehydration of B and the protein binding cavity in solution.

B INTRODUCTION

The time scale of noncovalent protein interactions, such as
those in protein—receptor, antibody—antigen, and multiprotein
complexes, is an important factor in biochemical processes.
Relatedly, the lifetime of drug interactions with protein targets
strongly influences their pharmacological activity.”* As a result,
the ability to predict and control the kinetic stabilities of
protein interactions is of fundamental and practical importance.
Currently, the relationship between the structures of protein
complexes and their association—dissociation kinetics is poorly
understood.'™ As is the case with structure—affinity relation-
ships, efforts to understand structure—kinetic relationships are
generally hampered by solvent effects, which are exceptionally
difficult to probe experimentally. Gas-phase studies of
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desolvated noncovalent protein complexes afford an oppor-
tunity to investigate their intrinsic properties, i.e., their structure
and kinetic stability, free of solvent effects.*”"* Furthermore,
from a comparison of the structures and stabilities of protein
complexes in their hydrated and dehydrated states, it may be
possible to gain new insights into the role of water in the
binding reactions.® Equally important, the results of gas-phase
studies of proteins and their complexes serve as important
benchmarks to test the reliability of existing computational
methods to predict the structure and stability of biological
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interactions and to guide the development of new theoretical
tools.

Recently, detailed investigations into the nature and strength
of the intermolecular interactions present in the gaseous ions of
a limited number of protein—ligand complexes have been
reported.***'*!3 The best-studied complex is that of a 27 kDa
single chain variable fragment (scFv) of the monoclonal
antibody SelSS-4 and its native trisaccharide ligand (aGal-
[aAbe]aMan).'® The blackbody infrared radiative dissocia-
tion—functional group replacement (BIRD-FGR) techni-
que'”'® was used to identify amino acid residues and sugar
hydroxyl groups participating in intermolecular interactions in
the gaseous, protonated (scFv+aGal[aAbe]aMan)™ ions over
a range of charge states (n = 6—13) and to quantify these
interactions.”® Notably, two of the three H-bond donor—
acceptor pairs identified at the lower charge states investigated
are also present in the available crystal structures. This finding
suggests that at least some of the specific intermolecular H-
bonds in the (scFv+aGal[aAbe]aMan) complex are conserved
upon transfer of the complex from aqueous solution to the gas
phase by electrospray ionization (ESI).® Moreover, the
strengths of the three H-bonds were found to be in good
agreement with theoretical values available for model systems.’
Recently, the BIRD-FGR approach was applied to complexes of
bovine f-lactoglobulin (Lg) and a series of long-chain fatty
acids (FA).””® Kinetic data for the loss of neutral FAs from
deprotonated (Lg+FA)’~ ions, together with the results of
molecular dynamics (MD) simulations, served as evidence that
the acyl chains of the FAs are retained within the hydrophobic
ligand binding cavity of Lg in the gas phase.” A comparison of
the dissociation rate constants measured at 25 °C in the gas
phase and in aqueous solution revealed that the (Lg+FA)
complexes are more stable kinetically in the absence of solvent.®
The lower kinetic stability in solution was attributed to the
hydration of the FA in the dissociative transition state (TS),
which results in a si§niﬁcant reduction in the dissociation
activation energy (E,).° Furthermore, a comparison of the gas-
phase dissociation E, values with enthalpies reported for the
transfer of hydrocarbons from the gas phase to various organic
solvents led to the surprising conclusion that the hydrophobic
cavity of Lg is, in fact, relatively polar.”

Here, we report on the results of a gas-phase study of the
structure and kinetic stability of the streptavidin—biotin (B)
interaction, which is among the most stable protein—ligand
complexes known and has served as a model system for
understanding the origin of high-affinity protein complexes.
Streptavidin is a homotetrameric protein complex (S,) that is
isolated from Streptomyces avidinii."” Each streptavidin subunit
consists of 159 residues, which are organized into an eight-
stranded f-barrel, one end of which forms the binding site for
B.* Analysis of crystal structures obtained for the ligand-bound
and unbound S,,*"** together with kinetic and thermodynamic
data®**"**7* and the results of MD simulations,”*~>* suggests
that three structural motifs are responsible for ligand binding: a
network of intermolecular H-bonds, van der Waals interactions,
and the ordering of surface peptide loops upon binding of B.
According to the crystal structures available for the (S,+4B)
complex, B is stabilized by eight H-bonds, involving residues
Asn23, Ser27, Tyr43, Ser4S, Asn49, Ser88, Thr90, and Asp128
of streptavidin, and the ureido oxygen and nitrogen, the
tetrahydrothiophene sulfur, and the carboxyl group of B
(Figure 1). Three Trp residues in the binding cavity (Trp79,
Trp92, and Trpl08), together with Trp120 from the adjacent
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Figure 1. Interaction maps for (a) the WT (S,+4B) complex obtained
from X-ray analysis of the crystal structure and (b) the WT (S,+B)"**
ion determined from MD simulations performed using 15 different
charge configurations.

THO-™~Ser27

subunit, have been identified as providing an important
energetic contribution to the binding of B through van der
Waals contacts (Figure 1)>* In addition, a flexible loop
(residues 45—52) on each subunit undergoes a disordered-to-
ordered conformational change upon binding of B.*"*%*

The unusually slow dissociation of the streptavidin—biotin
interaction in aqueous solution is responsible for the excep-
tionally high affinity (K, ~ 10" M™' at pH 7.4 and 25
°C).193536 The origin of the large E, for ligand escape (31 kcal
mol ™), which gives rise to the unusually small dissociation
rate constant (k.= 5.4 X 107 s7 at pH 7.4 and 25 °C),”” has
been the focus of many experimental*>*"**~* and theoretical
studies®®>* but has not been fully explained. Generally, a large
E, is suggestive of a late TS, in which many of the
intermolecular interactions are broken or weakened. On the
basis of the results of thermodynamic and kinetic studies, it has
been proposed that at least four of the intermolecular H-bonds,
involving residues Asn23, Ser27, Tyr43, and Aspl28, are
broken in the TS.>**® The H-bond involving Ser4S (in the
bound form) is also thought to be cleaved during dissociation
but may be reglaced with a new H-bond (to the ureido oxygen)
in the TS.***° It has also been proposed that the interactions
invc?zl7ving Trp79 and Trp120, but not Trp108, are absent in the
TS.

Solvent is also expected to influence the magnitude of E,
(and ko), although the nature of the solvent effects is unclear.
Stayton and co-workers have suggested that the dissociative TS
is free of substantial hydration effects.”” However, if the loss of
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B from (S,+4B) complex proceeds by a late TS, rehydration of
B and newly exposed residues in the binding cavity will serve to
partially offset the energetic penalty of cleaving the protein—
ligand interactions and, thereby, lower the E,. Analysis of the
crystal structures of the free and ligand-bound S, offers few
clues as to the extent of solvent reorganization upon ligand
binding.n’22 A limited number of water molecules (2—4) can
be identified in the binding cavity of some subunits of unbound
wild-type (WT) S,, but no water molecules are evident in the
bound form.*"** However, the limited number or complete
absence of crystallographic waters does not necessarily provide
an accurate assessment of the extent of hydration of the binding
cavity and changes in hydration resulting from ligand binding.
Indeed, on the basis of the results of a joint computational and
crystallographic study of the earliest dissociation events, it was
suggested that loss of B is initiated by the intercalation of a
water molecule, which enters the binding site through an access
channel at the bottom of the cavity, into the H-bond between B
and Asp128.*” The results of MD simulations reported by
Houk and co-workers indicate that, for free streptavidin in an
open conformation, seven water molecules reside within the
binding cavity.*" Similar results were reported by Kovalenko
and co-workers.>®> Moreover, a single immobilized water
molecule, acting as a water bridge between the sulfur and
one of the NH groups of B, was identified in the binding cavity
of the streptavidin—biotin complex.*® Together, these computa-
tional results suggest that the loss of B is accompanied by the
rehydration of the binding cavity by six water molecules.

With the goal of more fully elucidating the influence of
solvent on the streptavidin—biotin interaction and the
mechanism and kinetics of ligand escape, we have, in the
present study, interrogated the structure and kinetic stability of
protonated ions of the (S,+4B) complex, composed of a
truncated form of WT streptavidin, in the gas phase. Collision
cross sections (Q) of protonated gaseous ions of the free and
ligand-bound streptavidin, i.e, WT S,** and WT (S4+4B)"" at n
= 12—16, were determined from ion mobility (IM) measure-
ments and the values compared to the Q values calculated for
the crystal structure reported for WT S, and the WT (S,+4B)
complex to establish whether structural changes accompany the
transfer of the complexes to the gas phase by ESI. Thermal rate
constants for the loss of B from the gaseous WT (S,+4B)"*
ions, at n = 12—16, were measured using the BIRD technique
and the Arrhenius parameters established for the loss of neutral
and protonated B. The E, value for the loss of neutral B from
WT (S,+4B)"* ion was compared with those measured for
(S,+#4B)"* ions composed of five binding site mutants
(Trp79Phe, Trp108Phe, Trp120Phe, Ser27Ala, and Tyr43Ala)
to establish whether specific intermolecular interactions are
preserved in the gas phase. To aid in the interpretation of the
gas-phase data, MD simulations were carried out on desolvated
WT (S,+4B)"*" ions with different charge configurations and
the streptavidin—biotin interactions identified. Finally, the E,
values for the loss of B from the protonated WT (S,+4B)"* ions
were compared with those measured for the loss of B from the
(S4+4B) complex in aqueous solution in order to assess the
possible influence of solvent reorganization on the dissociation
kinetics.

B EXPERIMENTAL SECTION

Proteins and Biotin. The plasmid for natural core streptavidin
(containing residues 13—139 of WT streptavidin, MW 13 271 Da) was
a gift from Prof. P. Stayton (University of Washington). Notably, the

kinetic data for the dissociation of the (S4+4B) complex in aqueous
solution were measured using natural core streptavidin.>>*’ A
QuikChange II site-directed mutagenesis kit (Stratagene, La Jolla,
CA) was used to generate the single-site mutants (Trp79Phe,
Trpl08Phe, Trpl120Phe, Ser27Ala, and Tyr43Ala). The PCR step
was performed in an MJ Mini PTC-1148 thermocycler (Bio-Rad). The
plasmid pET23a vector harboring the streptavidin gene was used as a
template. The PCR reaction mixture was treated with 1 uL of Dpnl
(10 units pL™") for 60 min at 37 °C to digest template-methylated
nonmutated plasmid DNA. The Dpnl-treated plasmids were trans-
formed into E. coli XL10-Gold cells. Selected transformants were
screened for the presence of the recombinant plasmid by restriction
mapping and DNA sequence analysis. Positive mutants were
transformed into E. coli BL21 (DE3) cells for expression. The WT
and mutant streptavidin proteins were expressed in E. coli and purified
using procedures described elsewhere.*® Solutions of purified S, were
exchanged directly into 100 mM aqueous ammonium acetate buffer
using an Amicon microconcentrator with a MW cutoff of 10 kDa and
lyophilized. Stock solutions of S, (100 yM) were prepared by
dissolving a known amount of lyophilized streptavidin into 100 mM
ammonium acetate and stored at —20 °C until needed.

Bovine f-lactoglobulin (Lg, MW 18363 Da), human plasma
transthyretin (TTR, MW 13922 Da), egg white avidin (Avidin, MW
15 636 Da), Canavalia ensiformis concanavalin A (ConA, MW 25 741
Da), and biotin (B, MW 244.3 Da) were purchased from Sigma-
Aldrich Canada (Oakville, Canada). Stock solutions of Lg, TTR,
Avidin, and ConA (100 pM) were prepared by exchanging each
protein into 100 mM ammonium acetate using Vivaspin 500
centrifugal concentrators (Sartorius Steddin Biotech) with a MW
cutoff of 10 kDa. The stock solution of B (800 yM) was prepared by
dissolving B in Milli-Q water. All stock solutions were stored at —20
°C until needed.

For the IM measurements, the ESI solutions of the calibrant
proteins (Lg, TTR, Avidin, and ConA) were prepared at a protein
concentration of 10 M in a 10 mM ammonium acetate buffer. The
ESI solution of WT S, was prepared at a concentration of 10 M, with
4 mM imdazole and 10 mM ammonium acetate, while the ESI
solution of WT (S,+4B) also contained 44 uM B. For the gas-phase
kinetic measurements, the ESI solutions containing S, (10—15 uM)
and B (44—66 M) in 10 mM ammonium acetate (pH 6.8) were
prepared from aqueous stock solutions. Where a reduction of charge
state for the gaseous (S,+4B)"* was desired, imidazole (2—8 mM) was
added to the solution.*® To shift the (S,+4B)" ions to higher charge
states, ESI was performed using a custom-built device that directs a
high-velocity flow of air at end of the ESI tip.** The choice of using
protonated ions, instead of the deprotonated ions, for the present
study reflects the ease with which adduct-free (S,+4B)" ions can be
produced by ESI In negative ion mode, the deprotonated (S,+4B)"~
ions are produced with extensive acetate adducts, which complicates
the interpretation of the kinetic data.

Mass Spectrometry. The gas-phase kinetic measurements were
performed using an ApexII 9.4T Fourier transform ion cyclotron
resonance mass spectrometer (Bruker, Billerica, MA). Nanoflow ESI
was performed on both instruments using borosilicate tubes (1.0 mm
o.d., 0.68 mm id.), pulled to ~S ym o.d. at one end using a P-97
micropipet puller (Sutter Instruments, Novato, CA). The electric field
required to spray the solution in positive ion mode was established by
applying a voltage of 1.0—1.6 kV to a platinum wire inserted inside the
glass tip. The solution flow rate was typically ~20 nL min~". Details of
the instrumental and experimental conditions used for the BIRD
measurements can be found elsewhere.” The IM measurements were
performed using a Synapt G2 quadrupole/ion mobility separation
time-of-flight (ESI-Q-IM-TOF) mass spectrometer (Waters, UK). A
cone voltage of 40 V was used, and the source block temperature was
maintained at 70 °C. Other important voltages for ion transmission,
that is, the injection voltages into the trap, ion-mobility, and transfer
ion guides, were maintained at 10, 26, and 5 V, respectively. Argon was
used in the trap and transfer ion guides at pressures of 2.44 X 107> and
3.36 X 1072 mbar, respectively. The helium chamber preceding the
traveling wave IM separation device was maintained at a pressure of
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Scheme 1. Dissociation Pathways Observed for the Gas-Phase Ions (a) (S,+4B)"*", (b) (S,+4B)"*, (¢) (S,+4B)'*, (d)
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8.90 mbar. All IM measurements were carried out using N, as the
mobility gas at a pressure of 2.35 mbar. A linear IM T-wave with a
fixed wave height of 11 V and velocity of 300 m s™' was used. Data
acquisition and processing were carried out using Masslynx (v4.1).
Mass spectra were calibrated using a sodium cesium iodide calibration

file.

B COMPUTATIONS

MD simulations were performed using the Amber 11 program
suite*' (Accelrys, San Diego, CA). As there is no available
crystal structure of the WT streptavidin—biotin tetramer, the
initial geometry of the WT (S,+4B) complex was obtained by
applying a crystallographic symmetry operator on the crystal
structure of WT streptavidin—biotin dimer (PDB ID: 3RY2).*?
Each of the tetrameric chains (containing residues 14—134 for
the A and C chains, residues 15—136 for the B and D chains)
was extended to have the same length as the truncated form
(containing residues 13—139) of the WT streptavidin used
experimentally. This was done by aligning each tetrameric chain
against the C-chain of the crystal structure for streptavidin
mutant Ser27Ala (PDB ID: IN9M)** using the DALI server*
and grafting the extended residues onto each chain of the
tetramer. Currently with Amber, atomic charges and atom type
parameters are available only for the charged forms of the Arg,
C-terminal Ser, and N-terminal Ala residues. Consequently, it
was necessary to develop charges and parameters for the
neutral forms of Arg, C-terminal Ser, and N-terminal Ala. The
charge parameters of the neutral forms of Arg, C-terminal Ser,
and N-terminal Ala were parametrized as tripeptides (NME-
Arg-ACE, NME-Gly-CSer, and NAla-Gly-ACE, respectively)
using the RESP ESP charge derive server (RED Server),***
using Gaussian C.01*® and enforcing net neutrality across the
residue. Ions of the WT (S,+4B) complex at the +12 charge
state were chosen for investigation. As described in more detail
below, 15 different charge distributions were considered.
Topology and coordinate files for the simulations of each
charge distributions were created using the Antechamber
module of the AmberTools (version 11).* The MD
simulations were performed using the Amber 03 force field*®

for streptavidin and a general Amber force field (GAFF)* for
B. Simulations were performed using a 2 fs time step with
bonds to hydrogens constrained using SHAKE. The NVT
ensemble was used with an Anderson thermostat (300 K,
collision frequency 1 ps™') and no nonbonded cutoff (full
nonbonded interactions). The system was minimized using S00
steps of steepest descent and 500 steps of conjugate gradient
minimization. Following minimization, 10 ns of dynamics was
needed to fully equilibrate the system, as judged by C, root-
mean-square deviation (rmsd). Following this 10 ns of
equilibration, a further 10 ns of production was performed
and used in the analysis.

Data Analysis. Collision Cross Sections. Determination of
Q from drift time measurements was carried out using
protocols described elsewhere.”>* Briefly, proteins (Lg, TTR,
Avidin, and ConA) with known Q (in He) were analyzed under
the same experimental conditions to establish a correlation
between the measured drift times (t,) and Q. The t, values
were corrected for both mass-dependent and mass-independent
flight times using eq 1:>!

tD/ = tD - m/z /1000 - 1Ol‘rransfer/V\]-\]transfer (1)

where t, is the corrected drift time (in ms), t;, is the measured
drift time (in ms), the constant ¢ is known as the enhanced
duty cycle delay coefficient and is found within the Synapt G2
s1 : O
software,”” I, is the length of the transfer T-wave region (in
cm), and WV, is the transfer wave velocity (in m s™). The
reported Q (in He) values for the calibrant protein ions were
corrected for charge and reduced mass (i) by eq 2:

Q=QJu/z (2)

where ' is the corrected collision cross section in He. The
tp'and Q' values of each calibrant ion are summarized in Table
S1 (Supporting Information). As shown in Figure Sla, the plot
of In(Q’) versus In(tp’) is linear. The slope of the curve
(0.5712) corresponds to the exponential factor, X, which is
sensitive to many experimental variables, including the height
and velocity of the voltage “waves” used to propel ions through
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the IM separation region.>® Using the empirically determined
value of X, the final, corrected drift times (¢,”) were established
using eq 3:

ty" = (tp)*(z/ Ji) 3)

Notably, the plot of literature Q values versus t,” is linear, with
an R* value of 0.997 (Figure S1b). The Q values of the
protonated WT S,*" and WT (S,+4B)"* ions were determined
from the calibration curve and the corresponding t,” values.

The Q values for WT S, and (S,+4B) in aqueous solution
were estimated from available crystal structures using a
modified version of Mobcal,** which increases the number of
iterative calculations performed per input structure and is
capable of accepting input coordinate files that contain up to
100 000 atoms, and the trajectory method (TM). The input file
for S, was prepared using the crystal structure of WT
streptavidin tetramer (PDB ID: 1SWB);>' the input file for
(S,+4B) was prepared as described in the Experimental Section
using the crystal structure of WT streptavidin—biotin dimer
(PDB ID: 3RY2).>* The coordinates for the full tetramer were
obtained by applying a crystallographic symmetry operator. All
crystallographic water molecules were removed manually, and
hydrogens were added to the crystal structure using Leap in
Amber.*!

Dissociation Kinetics. The apparent rate constant (k,,,) for
the loss of B from a given protonated (S,+4B)"" ion, at a given
temperature, was determined from a linear least-squares fit of
the plot of the natural logarithm of the normalized abundance
(AR) of the reactant ion versus reaction time. The value of Ay
was calculated using eq 4:

Ay = Abs, 4 apy+/ Z Ab(s, 1.8) (4)

where Abs ,4py” is the measured abundance of the (S,+4B)""
reactant ion and Y Abs ) is the total abundance of the

reactant and product ions, i.e., all (S,+iB)"" ions with 0 <i < 4
and, if any, all (S,+iB)""V* ions with 0 < i < 3. As outlined in
Scheme 1, dissociation of the higher charge state (S,+iB)"" ions
proceeds by the loss of both neutral and protonated B through
parallel pathways, eqs Sa and Sb:

(S, +iB)"™ —» (S, + (i— 1)B)"" + B (52)

—(S, + (i — 1)B)" I+ 4 B (5b)

For a given protonated (S,+4B)™ ion, k,.pp reflects the
intrinsic rate constants for the individual neutral and charged B-
loss pathways, k,\ and k,c, respectively, and the number of
bound ligands, eq 6:

kn,app = 4(kn,N + kn,C) (6)

In principle, k, and k, ¢ can be determined from the relative
abundance of the unbound S,"* ion measured once the reaction
has gone to completion (Abg”**) and k, ., eq 7:

k b (k)
n,N _ n,N
Abg oo = [7k o ) = (k ]
n,N n,C n,app (7)

However, due to ion losses associated with long trapping
times, it is difficult to reliably measure Abg =, particularly at

low reaction temperatures. Therefore, an alternative approach,
based on the measured abundances of the reactant and product
ions, was used. Using the measured abundances and the

corresponding branching ratio, k,n/(k,x + k,c), the
normalized abundance of S,"" expected at the completion of
the reaction (Abg =) can be calculated at any point during the

reaction, eq 8:

4 i
kn N
n,C

o \k,n T K,

4 i
4k,
= Z [k—)Ab(s4+iB)"+

n,app

(8)

where Abs .z is the normalized abundance of the (S,+iB)"*
ion.
Combining eqs 7 and 8 gives eq 9:

4 i
4k, ¢t 4k, N
[ . ] = [ Ab(s, ipy

n,app i=0 n,app

©)

Using the values of Abg .5y and k,,,, measured at different

n,app
reaction times, the corresponding values of k,\ were
determined by solving eq 9 using Maple (Maplesoft, Waterloo,
Canada). At each temperature, k, ... and k,c ... the average
values of k, and k, c, were determined. For the lower charge
state (S,+4B)"" ions, with n = 12 and 13, where B is lost only at
its neutral form, k,y is simply equal to '/, k,,.pp» while for the
(S,+4B)'* ion, which dissociates exclusively (or nearly so) by
the loss of protonated B, k, ¢ is equal to '/, Ky app-

Computational Results. Trajectory analgfsis, performed
using the Visual Molecular Dynamics package, 3¢ was carried
out to establish the C, rmsd for streptavidin, the angles and
distances associated with the H-bonds between B and
streptavidin, and the distances associated with the intermo-
lecular van der Waals interactions between B and four
tryptophan residues, Trp 79, Trp92, Trpl08, and (adjacent
subunit) Trp120. In order to determine the number of H-
bonds, all potential H-bonding partners between B and
streptavidin were scanned at each frame, with the criteria for
a H-bond being a heavy-atom distance <4 A and a donor—
hydrogen—acceptor angle >120°. The total number of H-bonds
for each configuration was then averaged across all frames and
the four subunits. Additionally, the occupancy, i.e., the fraction f
of the simulation steps for which the H-bond criteria are
satisfied, was evaluated. All potential van der Waals interaction
atom pairs between B and four tryptophan residues (Trp 79,
Trp92, Trpl08, and Trpl20 from adjacent subunit) were
scanned at each frame, with the criterion for the presence of
van der Waals interactions being that the distance between
atom centers for each pair of atoms between relevant
tryptophan residue and B is less than or equal to the sum of
the van der Waals radii for those particular atoms (van der
Waals radii based on the Amber parameter set were used for
the simulations). The fraction f of the simulation steps for
which the van der Waals interaction criteria are satisfied was
also evaluated.

The Q for the averaged coordinates of the (S,+4B)'** ion, at
each charge configuration, was calculated using Mobcal** and
the trajectory method (TM). The averaged coordinates were
generated by aligning the backbone atoms across all frames,
following which the atomic positions were averaged. As side-
chain positions can often become distorted due to structural
averaging, energy minimization with the protein backbone
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atoms fixed was performed using NAMD***’ in order to

remove any structural artifacts introduced during the averaging
step.

B RESULTS AND DISCUSSION

Structure and Kinetic Stability of (S,+4B)™" lons in the
Gas Phase. Protonated gas-phase ions of WT (S,+4B)
complex, e.g, (S,+4B)"" at n = 12—16, were produced from
aqueous ammonium acetate solutions (10 mM, pH 6.8)
containing WT S, (10 yM), B (44 uM) and imidazole (4
mM). A representative ESI mass spectrum is shown in Figure 2;

(a) (s.+a8)"""
100 - (8,0 48)™
(s,+48)"""
§ 16+
e (S,+4B)
gsu 12+
H (S,+48B)
E
0 T T T T T T T T T T T T T T T
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(b) 27.5
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E
= 17.2 b,
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6.9 ' :

3200 3400 3600 3800 4000 4200 4400 4600  miz
Figure 2. (a) ESI mass spectrum acquired for a neutral aqueous
ammonium acetate (10 mM) solution of WT S, (10 uM), B (44 uM),
and imidazole (4 mM). (b) Ion mobility heat map plotting arrival time
versus m/z. The normalized ion intensities (from 7% to 100%) are

represented using the indicated color scale.

also shown are the corresponding arrival time distributions
measured for the WT (S,+4B)" ions. Mobility measurements
were also performed on the protonated WT S,"" ions at n =
12—16, which were produced from aqueous ammonium acetate
solutions (10 mM, pH 6.8) containing WT S, (10 4M) and
imidazole (4 mM), Figure S2. The Q values for the S,”* and
(S,+4B)™ ions were determined from their measured drift
times and the calibration curve, as described in the Data
Analysis section, and are listed in Table 1, together with the €
values estimated for the crystal structures of WT S, and WT
(S4+4B).21*

Interestingly, the Q values measured for the S,”" and
(S4+4B)™ ions are independent of charge state, with average
values of 34.4 + 0.1 and 35.0 + 0.1 nm? respectively. These
results suggest that charge-induced structural changes, at least
over this range of charge states, are minimal. The average Q
value for WT (S,+4B)™ is 35.0 + 0.1 nm?, which agrees within
10% with the Q value (384 + 0.4 nm?®) estimated for the
(S4+4B) crystal structure. Similar agreement is found between
the average Q value for WT S, (34.4 + 0.1 nm?®) and the
estimated Q value (38.8 + 0.4 nm?). Given that the uncertainty
in the Q values derived from the IM measurements is 5—8%°"

Table 1. Comparison of Experimentally Estimated Collision
Cross Sections (Q2) for the Gaseous S,"" and (S,+4B)"* Ions,
Where n = 12—16, with Q Values Calculated for Crystal
Structures Reported for S, and the (S,+4B) Complex

Q (nm?)

charge state n S (S,+4B)"

12 34.54 + 0.03% 35.08 + 0.15°
13 34.42 + 0.10° 34.99 + 0.02%
14 3429 + 0.04% 34.88 + 0.03°
15 3427 + 0.13% 34.78 + 0.04%
16 3445 + 0.09° 35.03 * 0.13°
average 3439 + 0.13° 34.95 + 0.14°
crystal structure 38.76 + 0.37° 38.45 + 0.367

“Uncertainty corresponds to the standard deviation of three replicate
measurements. “Uncertainty corresponds to the standard deviation of
the Q values determined at charge states +12 to +16. “Q was
determined from crystal structure (PDB ID: 1SWB) using Mobcal and
the trajectory method (TM). “Q was determined from crystal
structure (PDB ID: 3RY2) using the TM; the reported error
corresponds to one standard deviation of values from replicate (10)
calculations.

and the uncertainty in the calculated Q values is 3—4%, the
differences between the Q values for the (S,+4B)"* and S,*
ions and those for the corresponding crystal structures are not
significant. Therefore, the IM results would seem to suggest
that the transfer of S, and (S,+4B) from neutral aqueous
solution to the gas phase by ESI is not accompanied by large
structural changes, or at least none that can be identified from
the IM measurements.

Time-resolved BIRD measurements were performed on the
WT (S4+4B)™ ions, with n = 12—16, at temperatures ranging
from 80 to 135 °C. At these temperatures, BIRD results in the
sequential ejection of B, with no evidence for the loss of
subunits (Figure S3). The absence of measurable subunit loss at
these temperatures is consistent with the findings of an earlier
BIRD study of the protonated S,"* ions.>® At the lower charge
states, n = 12 and 13, the loss of neutral B represents the only
dissociation channel observed, while the loss of protonated B
represents the major dissociation channel at n = 16. At n = 14
and 15, B was ejected from the complex in both its neutral and
protonated forms. The dissociation pathways observed for all of
the charge states investigated are summarized in Scheme 1.
Shown in Figure S4 are kinetic plots measured for the
dissociation of the (S,+4B)" ijons at the temperatures
indicated. Notably, the plots exhibit excellent linearity, which
is consistent with the presence of a single dominant reactant
structure at each charge state. The linear plots also indicate that
the loss of neutral and protonated B, from the (S,+4B)"" ions at
n = 14 and 1§, proceed through parallel pathways. Arrhenius
plots were constructed from the k, .., kynave 20d K, ¢ oy Values,
which were determined as described in the Data Analysis
section. Shown in Figure 3 are the Arrhenius plots, based on
the temperature dependence of the k, ,, values, for the loss of
B from the (S,+4B)™ ions at n = 12—16. The corresponding
plot for the loss of B from the (S,+4B) complex in aqueous
solution at pH 7.4, extrapolated from kinetic data determined at
temperatures ranging from 4 to 37 °C,*® is also shown for
comparison. Arrhenius plots based on the k,y.. and k,c .
values are shown in Figure SS. The Arrhenius parameters (E,,
A; E,ny Ay and E,, Ac) are listed in Table 2, as are the
parameters for the loss of B from the (S,+4B) complex in
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Figure 3. Arrhenius plots for the dissociation of the gaseous WT
(S4+B)™ ions, where n = 12—16, and the corresponding Arrhenius
plot (based on parameters calculated at 110 °C from the activation
enthalpy and entropy values reported in ref 25) for the dissociation of
the WT (S,+4B) complex in neutral aqueous solution at pH 7.4.

aqueous solution at pH 7.4, which were calculated from the
reported activation enthalpy and entropy.*®

Inspection of Figure 3 (and Table 2) reveals that the
Arrhenius plots for the loss of B from (S,+4B)" ions at n = 12
and 13 are nearly indistinguishable, with E, values of 44 and 43
kcal mol™!, respectively. Taken on their own, these results
suggest that B is stabilized by the same or similar intermolecular
interactions at these charge states. In contrast, the kinetic
stabilities of the (S,+4B)" ions, at n = 13—16, decrease with
increasing charge state. The trend in kinetic stability mirrors the
trend in E,, which also decreases with increasing charge state.
To a first approximation, the decrease in E, with increasing
charge state can be understood in terms of the effect of
Coulombic repulsion on the pathway leading to the loss of
protonated B. As discussed in detail elsewhere,>® electrostatic
repulsion between the charged products, in this case
(S4+3B)"D* and B*, will serve to reduce the energy barrier
for dissociation, and the magnitude of this effect is expected to
increase with the charge state of the complex. Indeed, the E, ¢
values determined for the loss of protonated B from the
(S4+4B)™ ions at n = 14—16 decrease significantly with
increasing charge state (by ~11 kcal mol™ from +14 to +16).
However, the E, values for the loss of neutral B from the
(S4+4B)™ ions, at n = 13—1S, also decrease by a similar
amount. These results indicate that charge-induced structural
changes, which alter the intermolecular interactions or reduce
their strength or number but do not lead to detectable changes
in Q, occur at these higher charge states.

Kinetic measurements were also performed on (S,+4B)"**

ions composed of five binding site mutants (Trp79Phe,
Trp108Phe, Trp120Phe, Ser27Ala, and Tyr43Ala) in order to
identify some of the residues that bind to B in the gas phase. In
each case, BIRD resulted in the sequential loss of neutral B,
similar to what was observed for the WT (S,+4B)"* ion.
Representative kinetic plots, measured at the temperatures
indicated, are shown in Figure S6. The Arrhenius plots are
shown in Figure S7, and the corresponding parameters are
listed in Table 3. Inspection of kinetic parameters reveals that

Table 3. Arrhenius Activation Parameters (E,, A) Measured
for the Loss of B from the Protonated (S,+4B)"3* Ions,
Where S, Is WT and Trp79Phe, Trp108Phe, Trp120Phe,
Ser27Ala, or Tyr43Ala Mutants

S4 E (kcal mol™))  AE! (kcal mol™)) A% (s}
WT 432 + 1.1 — 1023206
Trp79Phe 40.7 + 0.3 2.5+ 1.1 10218202
Trpl08Phe 448 + 0.5 1.6 + 1.2 10241203
Trp120Phe 40.6 + 0.4 —-2.6 + 1.2 1021802
Ser27Ala 38.5 + 1.0 —4.7 + 14 1020706
Tyr43Ala 37.8 £ 09 54+ 14 1020405

“Errors correspond to standard deviations. The values correspond to
AE, = E,(mutant) — E,(WT).

replacement of Ser27 or Tyr43 with Ala results in a significant
decrease, by ~5.0 kcal mol™, in E,. According to the crystal
structure, both of these residues participate in H-bonds with B
(Figure 1). The magnitude of the reductions in E, measured
upon mutation to Ala is comparable to those observed upon
replacement of H-bonding groups (e.g., hydroxyl groups) in the
protonated (scFv+aGal[aAbe]aMan)™ ions.® Replacement of
Trp79 or Trp120, both of which are reported to stabilize B in
solution, with Phe also results in a decrease in E,, although
these changes are smaller, ~2.5 kcal mol ™., Together, these
results suggest that Trp79, Trp120, Ser27, and Tyr43 interact
with B in the gaseous WT (S,+4B)"* ion. In contrast,
replacement of Trp108 with Phe does not produce a significant
change in E,, suggesting that either Trp108 does not interact
with B in the gas phase or, if it does, the interaction is
energetically similar to that resulting from the introduction of
Phe at this position. Taken together, the results of this
mutagenesis study suggest that, at least, some of the stabilizing
intermolecular interactions in the (S,+4B) complex are
preserved in the gaseous (S,+4B)"*" ion. This finding is
consistent with those reported previously for the protonated

Table 2. Arrhenius Activation Parameters (E,, A) Measured for the Loss of B from the Protonated (S,+4B)"" Ions, Where n =
12—16, in the Gas Phase and the Corresponding Parameters Measured for the (S,+4B) Complex in Aqueous Solution at pH

7.4

n E, (kcal mol™") A (s E,x¢ (keal mol™") A (57 E,c? (keal mol™) At (7Y
12 443 + 0.8 1023‘9i0'4 443 + 0.8 1023.310,4 _ _
13 432 + 1.1 10232£06 432 + 1.1 10226£06 _ _
14 382+ 0.8 1020505 385 + 1.1 10199206 373 + 1.0 10189206
1S 312 £ 0.1 10170£02 322+ 10 1016006 307 + 0.6 1016003
16 26.1 + 0.4 1014903 — _ 26.1 + 0.4 1014203
solution 312 + 02° 101762016

“Errors correspond to standard deviations. YE, and A values calculated at 110 °C from the activation enthalpy and entropy reported in ref 25. “The
parameters E, y and Ay correspond to the loss of neutral B from the protonated (S,+4B)"" ions, where n = 12—16. “The parameters E, c and A
correspond to the loss of protonated B from the protonated (S,+4B)" ions, where n = 12—16.
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(scEv+aGal[aAbe]aMan)"™ ions and deprotonated (Lg+FA)"~
ions,®™° although, for both of these complexes, new (gas-phase)
intermolecular interactions were identified for the ions
investigated. With the goal of generating a more complete
interaction map for the gaseous WT (S,+4B)"*" ion, our
laboratory plans to extend these measurements to additional
Ala mutants.

Computational Results. In an effort to gain additional
insight into the nature of the intermolecular interactions
stabilizing the gaseous WT (S,+4B)'** and (S,+4B)"" ions,
which exhibit similar kinetic stabilities, MD simulations were
performed on (S,+4B)"*" ions. The +12 charge state, with the
charges partitioned equally between subunits, was selected with
the view of simplifying the comparison of the intermolecular
interactions in each of the subunits. Uncertainty in the
appropriate location of the charges is a major challenge to
implementation of MD simulations for gaseous, multiply
charged ions of macromolecules and their complexes. In the
present study, 15 different charge configurations were
considered. In each case, the charges were distributed equally
between subunits and placed on Arg, Lys, and His, which have
the highest intrinsic gas-phase basicity.”® A summary of the
charge sites considered for the (S,+4B)"*" ions is given in Table
S3.

For each charge configuration, the C, rmsd was calculated
with respect to the crystal structure of the (S,+4B) complex,
Table S3. In all cases the values are small, averaging 0.372 =+
0.035 nm. The small C, rmsd values, which are comparable in
size to values reported for other protein complexes in the gas
phase,*® suggest relatively minor structural changes accom-
panying the transfer of the complex from solution to the gas
phase, at least at the +12 charge state. At each charge
configuration, averaged coordinates were also established, and
the corresponding €2 values were calculated, Table S3. Not
surprisingly, the € values are somewhat sensitive to the charge
configuration: the Q values range from 36.1 to 38.1 nm?, with
an average value of 37.1 & 0.6 nm?. Overall, the Q values agree
quite well with the experimental value: the average value is
within 8%, and many of the Q values for individual
configurations are within 1-2% of the experimental values.
These results suggest that at least some of the structures
obtained from the MD simulations may serve as reasonable
representations of the gaseous (S4+4B)12+ ion.

The total numbers of H-bonds between streptavidin and B in
the (S,+4B)"*" ion at each charge configuration, averaged
across all frames and the four subunits, are summarized in
Table S3. It can be seen that there is no significant difference in
the total number of H-bonds between the different
configurations. Across all charge configurations, the average
number of H-bonds is 7.2 + 0.8, which is similar in number to
the eight primary H-bonds identified from the crystal structure
of the (S4+4B) complex. However, analysis of the trajectories
also reveals that the H-bond donor—acceptor pairs fluctuate
over time, differ between subunits, and are sensitive to the
charge state configuration. For example, analysis of config-
uration 12_1 (Table S3) reveals five H-bond pairs that have a
fractional occupancy f > 50% in one of the subunits [Tyr43-
OH:--B-O, Ser45-O---B-N2H, Thr90-OH:--B-S, Asp128-O---B-
N1H, (adjacent subunit) Lys121-NH;*--B-O12] and two
[Thr90-OH---B-S, (adjacent subunit) Lys121-NH,"--B-O12],
two [Asn23-NH,--B-O, Tyr43-OH--B-O, Thr90-OH--B-S,
(adjacent subunit) Lys121-NH;*--B-O12], and four H-bond
pairs [Ser27-OH--B-O, Tyr43-OH---B-O, Asn49-bb---B-O11,

Thr90-OH---B-S] in the other three subunits. The variation in
the nature and number of the H-bonds present for the different
subunits may reflect structural (crystallographic) differences
between subunits, as well as structural differences arising in the
heating and equilibrium process. The observation of many
other H-bond pairs, with f < 50%, also suggests that the H-
bonds are readily broken and replaced with other, energetically
similar interactions.

Analysis of all the H-bonds identified among the different
charge configurations for the (S,+4B)'** ion reveals the
presence of many different donor—acceptor pairs. However,
only eight of these [Asn23-NH,-B-O, Ser27-OH:--B-O,
Tyr43-OH--B-O, Ser4$-O---B-N2H, Asn49-bb---B-O11,
Thr90-OH:--B-S, Asp128-O---B-N1H, (adjacent subunit)
Lys121-NH;"--B-O12] are ever present with f > 50% for a
given charge configuration (Figure 1b). On the basis of this
analysis, it is proposed that these represent the most probable
H-bonds in the gaseous (S,+4B)'*" ion. Interestingly, seven of
these H-bonds are also found in the crystal structure of the
(S4+4B) complex (Figure 1a), the only discrepancy being the
interaction between Lys121-NH;* from the adjacent subunit
and B-O12, which was identified from the simulations.
However, when Lys121 is in its neutral form, this interaction
(which replaces the H-bond between Ser88-OH and B-O12) is
absent.

The trajectories obtained for all of the charge configurations
were also analyzed to establish the presence of van der Waals
contacts between B and the four tryptophan residues implicated
in binding in solution (Trp79, Trp92, Trpl08, and Trpl20
from adjacent subunit). Notably, all four of these van der Waals
interactions exhibit a high f (>80% when averaged over all
subunit and all charge configurations), suggesting that they are
preserved in the gas phase (Figure 1b).

The results of the MD simulations performed on the
(S,+4B)"*" ion suggest that the structure of the ligand binding
site does not undergo significant changes when the complex is
transferred to the gas phase by ESI. Furthermore, the results
suggest that the specific intermolecular interactions, both H-
bonds and van der Waals contacts, may survive in the gas phase,
although there is also the possibility that new interactions could
form. Future efforts will focus on calculating the potential of
mean force (PMF)® for the escape of B from the binding site
in the gas-phase (S,+4B)" ions. From the PMF, the
dissociation rate constants for the loss of B from the
(S4+4B)" ions can be computed using transition-state theory.®>
This will allow for a direct comparison of the dissociation
kinetics and energetics determined experimentally and
predicted theoretically.

Kinetic Stability: Solution versus Gas Phase. The most
significant finding of the present study is the observation that
the kinetics for the loss of neutral B from the protonated
gaseous (S, +4B)™ ions, at n = 12—14, are dramatically slower
at 25 °C than the loss of B from the (S,+4B) complex in
aqueous solution at pH 7.4.>° For example, the kg at 25 °C for
(S;+4B)" is 3.1 X 107 s7' (value extrapolated from the
measured Arrhenius plots), compared to 5.4 X 107° s in
solution.”” This is, perhaps, a surprising result, given that the
(S4+4B) complex is among the most kinetically stable protein—
ligand complexes known,”***° and reveals that the streptavi-
din—biotin interaction has the inherent capacity for even
greater stability than previously recognized. As noted above, the
enhanced kinetic stability of this interaction in the gas phase,
compared to aqueous solution, is the result of a much larger
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dissociation E,. For example, the E, for the pathway leading to
the loss of neutral B, which is not significantly affected by
Coulombic repulsion, is as much as 13 kcal mol™" larger than
that measured in solution.*®

As described above, the experimental and theoretical results
obtained for the (S,+4B)"™ ions at the lower charge states
suggest that many, if not most, of the intermolecular
interactions present in solution are preserved in the gas
phase. Therefore, it is reasonable to expect that solvent effects
are responsible, at least in part, for the difference in E, values
measured for the gaseous (S,+4B)"* ions and solvated (S,+4B)
complex.® If the loss of B from the (S;+4B) complex, in its
hydrated and dehydrated forms, proceeds through similar
dissociation pathways in solution and the gas phase, then the
difference between E, in solution (Ea,aq) and in the gas phase
(Ea‘g) will reflect the difference in the hydration enthalpy of the
TS (Athdr,TS) and the reactant (Athdr,R):S

Ea,aq - Ea,g ~ Athdr,R - Athdr,TS (10)

Although there is no way to accurately determine the
magnitude of the solvent effect, i.e., the (Athdr,R — Athdr,TS)
term, the effect can be estimated in the case where dissociation
proceeds through a late TS, wherein the ligand is fully removed
from the binding cavity, or nearly so, and assuming no other
structural changes accompany ligand loss. In this situation, the
magnitude of the solvent effect will reflect the enthalpies of
hydration of B and the amino acid residues originally involved
in binding.®

To our knowledge, the enthalpy of hydration (AHj) of
deprotonated B has not been measured experimentally.
However, this value can be estimated from the enthalpy of
solution of B in water (AH,,;) and the enthalpy of vaporization
of B to give an ideal gas (AHvap), eq 11:%

AI{hyd = AI{sol - AI{va\p (11)
The AH,, for neutral B has been determined to be 9.7 + 0.4
kcal mol ™, and the enthalpy of ionization of B is reported to be
only 0.3 kcal mol™.** While there is no experimental AH,,,
value for B, it is estimated, using the Joback and Reid Group
Contribution Method,®® to be 20.3 kcal mol™". On the basis of
these values, AH,, 4 of B is estimated to be approximately —10
kcal mol™. Despite the uncertainty associated with this value,
this analysis suggests that the bulk of the difference in E, values
for the loss of B in solution and the gas phase (as a neutral) can
be accounted for by the hydration of B in the TS. The
remaining energy difference potentially reflects the hydration of
the exposed residues within the binding cavity in the TS. It is
also possible that structural differences or differences in the
mechanisms by which B escapes from the binding site in
solution and in the gas phase are reflected in the differences in
E, values measured for the gaseous (S,+4B)"" ions and the
solvated (S,+4B) complex. The results of the planned
mutagenesis study, vide supra, will allow for a more definitive
conclusion regarding the structural similarities of the hydrated
and dehydrated forms of the (S,+4B) complex. Similarly, a
comparison of the PMFs calculated for the escape of B from the
gaseous (S,+4B)"" ions and from the (S,+4B) complex in
aqueous solution will help to establish similarities in the ligand
escape pathways in the presence and absence of solvent. These
planned computational studies will also provide an important
opportunity to test the reliability of available theoretical models

for describing protein—ligand interactions, both in the presence
and in the absence of solvent.

B CONCLUSIONS

In summary, the results of the first detailed study of the
structure and kinetic stability of gaseous protonated ions of the
(S4+4B) complex are reported. Collision cross sections
measured for the gaseous WT S,** and WT (S,+4B)" ions,
at n = 12—16, are found to agree within 10% of values
estimated for the crystal structures for S, and (S,+4B). These
results suggest that S, and (S,+4B) complexes do not undergo
significant structural changes upon transfer from solution to the
gas phase by ESI. A comparison of dissociation E, for the B loss
from the (S,+4B)"* ions composed of WT and five binding
site mutants suggests that at least some of the solution-specific
intermolecular interactions are preserved in the gas phase. The
results of MD simulations performed on WT (S,+4B)"** ions
with different charge configurations also suggest that the
solution-specific intermolecular H-bonds and van der Waals
contacts are preserved in the gas phase. The most significant
finding of this study is the observation that the gaseous WT
(S4+4B)™ ions at n = 12—14, owing to a much larger E, (by as
much as 13 kcal mol™) for the loss of B, are dramatically more
stable kinetically at 25 °C than the (S,+4B) complex in
aqueous neutral solution. It is shown that the differences in E,
values measured for the gaseous (S,+4B)™ ions and solvated
(S4+4B) complex can be largely accounted for by the
rehydration of B in the dissociative TS.
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