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ABSTRACT: Mapping the structured and disordered regions
and identifying disorder-to-order transitions are essential to
understanding intrinsically disordered proteins (IDPs). One
technique that can provide such information is H/D exchange
coupled with mass spectrometry (H/D-MS). To explore the
feasibility of H/D-MS for mapping disordered and ordered
regions in IDPs, we undertook a systematic evaluation of an
unstructured protein, a molten globular protein, and the well-
folded complex of the two proteins. Most segments of the

unstructured protein, ACTR (activator of thyroid and retinoid receptors, NCOA3 HUMAN, residues 1018—1088), exchange at
rates consistent with its assignment as an unstructured protein, but there is slight protection in regions that become helical in the
ACTR~—CBP complex. The molten globular protein, CBP (the nuclear coactivator binding domain of the CREB binding protein,
CBP_MOUSE, residues 2059—2117), is moderately protected from exchange, and the protection is nearly uniform across the
length of the protein. The uniformity arises because of rapid interconversion between an ensemble of folded conformers and an
ensemble of unstructured conformers. Rapid interconversion causes the H/D exchange kinetics to be dominated by exchange by
molecules in unstructured conformations. For the folded ACTR—CBP complex, the exchange data provide a qualitatively
accurate description of the complex. Our results provide a useful framework to use in the interpretation of H/D-MS data of

intrinsically disordered proteins.

Intrinsically disordered proteins (IDPs) contain one or more
regions that exhibit a high degree of conformational flexibility
and lack a structured conformation. Many IDPs use disordered
regions to carry out function.' " IDPs differ from structured
proteins by having a low level of sequence complexity and a
bias against hydrophobic residues; these differences have
become the basis of a variety of algorithms for predicting
disorder.'> Disorder prediction algorithms have shown that
IDPs are ubiquitous in the proteomes of higher organisms and
comprise roughly one-third of all proteins.'*'* Bioinformatic
approaches have demonstrated a clear distinction between the
functions of structured proteins and disordered proteins. While
protein structure is associated primarily with functions such as
enzyme catalysis, ion channels, and cellular structure, protein
disorder is associated primarily with functions that require
protein—protein interactions such as signaling.14

In many cases, the disordered regions that mediate protein—
protein interactions undergo coupled binding and folding.ls’16
There has been speculation that the affinity of many IDP-
mediated protein—protein interactions is significantly decreased
by the strong entropic driving force for the free unstructured
protein.® At the same time, the conformational flexibility of the
unstructured protein allows it to sample many different
conformational states. Higher chain flexibility also produces
greater binding rates in IDPs because of a larger target capture
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radius in solution.'” Low affinity, coupled with high specificity,
is an essential element for the transient protein—protein
interactions required in cellular signaling. In many cases, a
single disordered protein can recognize many different binding
partners with the same disordered region, often adopting
different folds upon binding.'® Understanding the mechanisms
of disorder-mediated protein interactions requires information
about the unstructured regions of the proteins and their
disorder-to-order transitions.

Many different experimental techniques for characterizing
disordered proteins are available.” ' The techniques can be
divided into those that provide only a global picture of the
extent of disorder (e.g., size exclusion chromatography, intrinsic
fluorescence, circular dichroism, small-angle X-ray scattering,
and atomic force microscopy) and a more limited list of those
that provide localized to atomic-scale resolution (e.g, NMR,
limited proteolysis, and fluorescence resonance energy trans-
fer). To map regions of a protein that undergo coupled binding
and folding, localized information is essential. One technique
that can provide such information is amide H/D exchange.
Amide hydrogens, along the protein backbone, are susceptible
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to exchange with deuterium from D,O because of dynamic
fluctuations that disrupt amide hydrogen bonding.**~** By
dilution of a protein with a large excess of D,0, amide H/D
exchange can be used as a probe of backbone flexibility. By
measuring the rate at which deuterium is incorporated, we can
determine the relative flexibility of different backbone seg-
ments. When H/D exchange is measured by NMR,*>*® by mass
spectrometry of proteolytic fragments,>” or by a top-down
fragmentation MS approach,”® one can obtain localized
information about the backbone flexibility of the protein of
interest. The MS approach offers several advantages, including
the ability to work with large proteins at low protein
concentrations in physiological buffers and the ability to detect
all proteins in a complex without selective isotopic labeling.
There are many examples of flexible segments in otherwise
well-folded proteins identified by H/D-MS (see, for example,
refs 29 and 30). The technique has also been used to
characterize chemically unfolded proteins,sl’32 yet the use of
H/D-MS to obtain local flexibility data on IDPs is considerably
more limited.*>™* To establish the utility of segment-averaged
H/D exchange MS measurements for the characterization of
IDPs and their interactions, we have undertaken a study of two
model IDPs representing the extremes of the disorder
spectrum: ACTR, the unstructured activation domain of the
activator of thyroid and retinoid receptors (NCOA3 HUMAN,
residues 1018—1088), and CBP, the molten globular nuclear
coactivator binding domain of the CREB binding protein
(CBP_MOUSE, residues 2059—2117). Here, we have used
isolated CBP and ACTR and their complex"® as model systems
to explore the capability of H/D-MS to characterize intrinsically
disordered proteins and coupled binding and folding.

B MATERIALS AND METHODS

Materials. Ampicillin and isopropyl f-p-1-thiogalactopyr-
anoside (IPTG) were obtained from Research Products
International Corp. (Mt. Prospect, IL). LB medium used for
cell cultures was prepared with Bacto Tryptone and Bacto Yeast
Extract obtained from Becton, Dickinson, and Company
(Franklin Lakes, NJ). Pepsin from porcine gastric mucosa,
piperazine, sodium hydroxide, pL-dithiothreitol, bestatin hydro-
chloride, E-64, 4-(2-aminoethyl)benzenesulfonyl fluoride hy-
drochloride (AEBSF), pepstatin A2, and deuterium oxide
(99.9% D) were obtained from Sigma (St. Louis, MO).
Benzonase nuclease was obtained from EMD Chemicals
(Gibbstown, NJ). Formic acid (>99%), used as an additive in
prepared mobile phases, was obtained from Thermo Scientific
(West Palm Beach, FL). Sodium phosphate monobasic, sodium
phosphate dibasic, sodium hydroxide hydrochloric acid, boric
acid, Tris base, and sodium chloride were obtained from Fisher
Scientific (Hanover Park, IL). Optima LC—MS grade
acetonitrile and water used in chromatography were both
obtained from Fisher Scientific. POROS 20 AL column packing
material was obtained from Applied Biosystems (Carlsbad,
CA).

Protein Expression. CBP and ACTR domains were co-
expressed from a pET22B coexpression vector' in Escherichia
coli strain BL21 Star(DE3) (Invitrogen, Carlsbad, CA). The
glycerol stock was streaked onto agar plates containing 0.1 g/L
ampicillin and grown overnight at 37 °C. All cell cultures were
grown in LB medium [10 g/L tryptone, S g/L yeast extract, and
10 g/L NaCl (pH 7.0)] containing 0.1 g/L ampicillin. Cells
were grown at 37 °C in a rotary shaker at 225 rpm. Starter
cultures (25 mL) were grown overnight following inoculation
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with single colonies. Ten milliliters of the starter culture was
then used to inoculate a 500 mL culture. Cell cultures were
induced with 1 mM IPTG after the ODg, had reached 1.0 and
incubated for an additional 4 h. The cells were pelleted at 5000g
for 10 min at 4 °C and stored at —20 °C.

Protein Purification. Cell pellets were resuspended in 10
mL of lysis buffer [20 mM Tris, 1 mM EDTA, 1 g/L lysozyme,
and $ units benzonase nuclease (pH 7.5)] to which was added
250 pL of protease inhibitor cocktail per gram of pellet. The
protease inhibitor cocktail contained 23 mM AEBSF, 2 mM
bestatin, 0.3 mM pepstatin A2, and 0.3 mM E-64). The
resuspended pellet was incubated at room temperature for 10
min with gentle shaking. Cellular debris was removed by
centrifugation (15000g for 10 min at 4 °C). Protein purification
chromatography steps were performed using a fast protein
liquid chromatography (FPLC) system (AKTAPrime plus, GE
Healthcare, Piscataway, NJ) at 4 °C using 214 nm detection.
While both proteins were co-expressed in E. coli and share
similar molecular masses, ACTR and CBP have drastically
different theoretical pI values of 4.2 and 11.1, respectively.*®
Because of this, we chose ion exchange to isolate the two
proteins. ACTR was purified using a buffer exchange step
followed by anion exchange and gel filtration. The lysis buffer
was exchanged for anion exchange buffer [SO mM piperazine
(pH 9.0)] using a desalting column (HiPrep 26/10 Desalting,
GE Healthcare). Collected protein fractions containing ACTR
were identified by SDS—PAGE, pooled, and passed through an
anion exchange column (HiTrap Q XL, GE Healthcare) in 50
mM piperazine using a 0 to 1 M NaCl gradient over 70 min at a
rate of 1 mL/min. Fractions containing ACTR were identified
by SDS—PAGE, pooled, then loaded onto a gel filtration
column (HiPrep 16/60 Sephacryl S-100 HR, GE Healthcare),
and eluted with 10 mM sodium phosphate and 50 mM NaCl
buffer (pH 6.9). The ACTR stock concentration was 14 yuM
using a BCA assay’’ standardized with BSA (Thermo Fisher
Scientific).

To purify CBP, we used a buffer exchange step followed by
cation exchange and a second buffer exchange step. The
clarified lysate was passed through a desalting column (HiPrep
26/10 Desalting, GE Healthcare) with S0 mM boric acid (pH
9.0). The buffer also contained 3 mM dithiothreitol (DTT) to
prevent methionine oxidation. Collected protein fractions
containing CBP were identified by SDS—PAGE and pooled.
CBP was purified by cation exchange (HiTrap SP FF, GE
Healthcare) using a 0 to 1 M NaCl gradient over 70 min in 50
mM boric acid and 3 mM DTT (pH 9.0) at a rate of 1 mL/
min. Fractions containing CBP were identified by SDS—PAGE,
pooled, then loaded onto the desalting column, and eluted into
10 mM phosphate, 50 mM NaCl, and 3 mM DTT buffer (pH
6.9). The CBP stock concentration was 17 uM using a BCA
assay”’ standardized against BSA. DTT was removed by
acetone precipitation and reconstitution in DTT-free buffer
prior to the protein assay. Both ACTR and CBP protein
identities were confirmed by mass spectrometry (results not
shown). Protein stocks were split into aliquots, frozen with
liquid nitrogen, and stored at —74 °C.

H/D Exchange Labeling. On the basis of the reported
dissociation constant of 34 nM for the ACTR—CBP complex,'*
a S-fold molar excess of CBP will bind more than 90% of
ACTR, and vice versa under labeling conditions. Four sample
pools were prepared to represent both ACTR and CBP in free
and complex states. A 1:49 ACTR:CBP molar ratio was
prepared by mixing 19 uL of ACTR stock with 81 uL of CBP
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stock (complex). Under labeling conditions [1:20 dilution (see
below)], 94% of ACTR is bound. Similarly, a 1:4.7 CBP:ACTR
molar ratio was prepared by mixing 15 uL of CBP stock with 85
UL of ACTR stock (complex), yielding 93% bound CBP under
labeling conditions. For the individual free proteins, an equal
volume of phosphate buffer was substituted for the binding
partner. All pools were incubated at room temperature for 1 h
prior to deuterium labeling.

Samples were labeled by rapid dilution of 5 uL of a sample
pool with 100 yL of 10 mM phosphate and 50 mM NaCl in
D,O (pD 6.9). After labeling intervals ranging between S s and
12 h, the labeling reaction was quenched with 17 L of 0.1 M
HCI to decrease the pH to 2.6. Undeuterated controls were
prepared for each sample pool by mixing 5 uL of a sample with
100 uL of phosphate buffer in H,O (pH 6.9) and 17 uL of 0.1
M HCL Totally deuterated controls were prepared for each
sample via dilution of S yL with 100 uL of phosphate buffer in
D,O (pH 6.9), followed by quenching after 24 h with 17 uL of
0.1 M HCIL. After the reactions had been quenched, all samples
were immediately flash-frozen with liquid nitrogen and stored
at —74 °C. Individual samples were thawed by hand in
approximately 2 min just prior to analysis.

Chromatography. An Agilent Technologies 1200 series
isocratic pump and a 12-port injector valve (Valco Instruments
Co. Inc.) were used to inject the loaded sample through a S0
mm X 2.1 mm immobilized pepsin column prepared in house
as described previously® at a flow rate of 0.2 mL/min for 0.1%
formic acid in water onto a self-packed C;, trap (10 mm X 1
mm) (]upiter, Phenomenex, Torrence, CA) for 2.5 min to
desalt and concentrate the samples. An Agilent Technologies
1200 series binary pump was used to conduct a high-
performance liquid chromatography separation of peptic
fragments. Solvent A was 0.1% formic acid in water, and
solvent B was a 90% acetonitrile/10% water/0.1% formic acid
mixture. Peptic peptides were separated on a C;, column (50
mm X 1 mm) (Jupiter Proteo, Phenomenex) using a water/
acetonitrile gradient (10 to 35% B over S min at a rate of S0
uL/min). A thermoelectrically cooled system, constructed in
hou359e, kept the loop, valve, columns, and solvent lines at 0
°C.

MS Analysis. Following separation, peptides were eluted
into the electrospray ionization source of a time-of-flight mass
spectrometer (model 6220, Agilent Technologies, Santa Clara,
CA) operating in positive ion mode. Nitrogen at 325 °C and a
flow rate of 10 L/min was used as the drying gas, with a
nebulizer pressure of 30 psi. Fragmentor, skimmer, and
capillary voltages were 150, 50, and 4000 V, respectively.
Peptic peptides of undeuterated ACTR and CBP were
identified by matching accurate mass measurements with a
nonspecific protease digest in the MassHunter Qualitative
Analysis with BioConfirm version B.03.01 (Agilent Technolo-
gies). To resolve ambiguous near-isobaric peptide assignments
(20 ppm), collision-induced dissociation (CID) product ion
spectra were obtained by cycling the fragmentor voltage every
0.5 s among 150, 200, and 250 V. Observed fragment ion peaks
were matched against b/y ion fragmentation predictions
(Protein Prospector, MS-Product, http://prospector.ucsf.edu).
The final list of identified peptides can be found in Table S1 of
the Supporting Information. Using the expected retention times
and molecular feature extraction in Qualitative Analysis with
BioConfirm, mass spectra were extracted for each deuterated
peptide sample. (The spectra can be found in Figure S1 of the
Supporting Information.) HX-Express*’ was used to determine
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the average mass of each peptide using the portion of the
isotopic distribution that was at least 20% of the base peak.
Deuterium uptake for each peptide at each time point was
calculated as the mass difference between the average peptide
mass and the average mass of the undeuterated control. Our
deuterium uptake results are presented without back-exchange
correction.”’

Intrinsic Exchange Calculations. The progress of in-
trinsic amide H/D exchange for unstructured peptides was
calculated according to eq 1

- 0)
D(t) = Y [1— e Fnd]
i=3 (1)
where m is the number of residues and Icl([’l)t is the rate constant
for exchange for residue i of the peptide.*' Proline residues
were assigned a rate constant of zero because proline has no
amide hydrogen. Upon proteolysis, the i = 1 amide hydrogen
becomes a primary amine and hence back-exchanges rapidly
during the LC step. Back-exchange at i = 2 is also generally
quite rapid.*"** Thus, index i begins at 3, because there will be
no deuterium remaining at i < 2. The calculations were
implemented using an Excel spreadsheet (Microsoft, Redmond,
WA) adapted from a spreadsheet available on W. Englander’s
website (http://hx2.med.upenn.edu). Our adapted version is
available upon request. The intrinsic exchange calculations were
normalized to the maximum observed deuterium uptake.
Kinetic Analysis. In this work, we have quantified the
kinetics of H/D exchange using the method described by
Englander and co-workers*’ in which the deuterium uptake has
been fit to either a single- or double-stretched exponential
function™**;

D(t) = N[1 — (0
D(t) = Nj[1 — e (%) 4 N [1 = (k) @)

where D(t) is the extent of deuteration as a function of D,0O
exposure time £, N is the number of exchangeable amides, (k)
represents the segment-averaged rate constant for exchange
(for either intrinsic exchange, (k), or observed exchange,
(kux)), and S is an exponential stretching factor that accounts
for the distribution in the intrinsic rates of H/D exchange of the
individual amides. f was determined using a fit to the intrinsic
exchange calculation (see eq 1). The fit to intrinsic exchange
also yields the segment-averaged rate constant for intrinsic
exchange, (k). The use of the stretched exponential function
requires fewer adjustable parameters than the multiexponen-
tial*>*® fits commonly used to describe H/D exchange kinetics,
and thus, the nonlinear least-squares fit is more robust. In either
case, because the resulting rate constants are segment-averaged,
they are best considered “phenomenological”*’ rate constants.
The ratio of the intrinsic exchange rate constant, (ky,), to the
measured rate constant, (kyx), can be used to estimate a
segment-averaged protection factor, (PF), a measure of the
slowing of exchange induced by the structure of the protein:

(kint>

(kpx) ()
An average protection factor of unity indicates a segment that is
completely unstructured; ie, the segment exchanges at its

intrinsic rate. A protection factor greater than 1 indicates the
region is protected from H/D exchange. Because the measured

(PF) =
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Figure 1. Mass spectra showing deuterium uptake in several distinctive regions of CBP and ACTR in both the free and bound states for selected
D,0 exposure times. The vertical dashed lines denote the undeuterated (0 s) and fully deuterated (12 h) limits. The mass spectra show a steady
progression of deuterium uptake with no evidence of bimodal isotope profiles.

H/D exchange is segment-averaged, these protection factors
should not be interpreted thermodynamically as can be done
for measurements obtained from single-residue resolution
measurements

B RESULTS

We initiated amide H/D exchange by rapidly diluting the
individual proteins or the complex with a 19-fold excess of
deuterated buffer. After intervals ranging from S s to 12 h, the
exchange reaction was quenched by acidification. Under
quench conditions, labile D is rapidly back-exchanged to H,
but amide D back-exchanges much more slowly. To localize the
exchange measurements to short linear segments of the
proteins, the quenched samples were digested with pepsin,
and then deuterium uptake as a function of D,0 exposure time
was quantified via mass spectrometry. To compare the free and
bound states of the proteins, H/D exchange was conducted for
each protein separately and for each protein in the presence of
a S-fold molar excess of its binding partner (ie., 1:5
CPB:ACTR and 5:1 CBP:ACTR).

Representative mass spectra from two segments of CBP
(residues 31—40 and 43—59) and two segments of ACTR
(residues 33—47 and 48—59) in both the free and bound states
are shown in Figure 1. (See Figure Sl of the Supporting
Information for a complete set of spectra for all segments.) The
vertical dashed lines denote the average m/z values of the
undeuterated and maximally deuterated forms. In the free state
of CBP, both segments reach complete deuteration in less than
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1 min. Upon formation of the CBP—ACTR complex, exchange
in both CBP segments is slowed so that complete deuteration
requires approximately 10 min. The 33—47 segment of ACTR
exchanges much more quickly, becoming fully deuterated in
less than 10 s, while the 48—59 segment is more protected and
is not fully deuterated until exchange has occurred for 1 min. In
the complex, both ACTR segments exchange more slowly,
becoming fully deuterated in approximately 10 min. In all of the
spectra shown in Figure 1, there is a steady progression of the
isotopic envelopes across the mass range for both free and
bound states. In particular, there is no evidence of a bimodal
isotopic distribution, often taken to indicate H/D exchange by
local or global unfolding through an EX1 mechanism.*>**~>
There is also no evidence of bimodal isotopic distributions in
any of the other peptides in either the free or bound states (see
Figure S1 of the Supporting Information).

We quantified deuterium uptake by measuring the increase in
the average mass of each segment. The mass increases for the
segments shown in Figure 1, plotted as a function of time, are
shown in Figure 2. Similar plots for all segments are provided in
Figure S2 of the Supporting Information. For ease of viewing,
the results are plotted in Figure 2 on both a logarithmic scale
and a linear scale for the early exchange times. The maximum
number of exchangeable amides is indicated by the limit of the
vertical axis, and the horizontal dashed lines on the plots
represent the maximum observed exchange, measured after
samples had been exposed to D,O for 12 h. Also plotted in
Figure 2 is the intrinsic exchange for each segment calculated

dx.doi.org/10.1021/bi200875p | Biochemistry 2011, 50, 8722—-8732
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Figure 2. Deuterium uptake curves for the distinctive regions of CBP and ACTR shown in Figure 1. The top row of plots shows the full time course
on a logarithmic scale, while the bottom row of plots shows the early time points on a linear scale. The dotted curves represent the calculated
intrinsic rate of exchange calculated using eq 1. Deuterium uptake data are shown with data points, with black points representing uptake by the free
proteins and gray points representing uptake by the proteins in the complex. Data points represent the average values obtained from two trials with
error bars extended to the specific data points from each trial. Stretched exponential (or biexponential for ACTR peptides 33—42, 33—47, 36—47,
and 48—59 in the complex state) curves overlay each set of data, with black broken curves and gray broken curves representing the free and protein
complex states, respectively. For reference, the maximum deuterium uptake, measured after exchange for 24 h, is shown as a horizontal dashed line
with the exception of the ACTR 60—71 segment, which did not produce a detectable spectral intensity. The maximum number of exchangeable
amides (Myegigues — Moroline — 2) is indicated by the limit of the vertical axis of the plot.

using eq 1. In the free state, both CBP 31—40 and CBP 43—59
segments are protected from exchange, as indicated by
exchange slower than that predicted using the intrinsic
calculation. In the free state, the ACTR 33—47 segment
exchanges at the intrinsic rate, but the ACTR 48—59 segment is
slightly protected from exchange. In the complex, all four
segments become substantially more protected from exchange.

To quantify the extent of protection, we derived segment-
averaged protection factors, (PF), by fitting the kinetic data to
stretched exponential or biexponential functions (see eq 2).*
The results of the kinetic analysis are listed in Table 1 and
mapped onto the sequences of the proteins in Figure 3. For free
ACTR, all segments exchange at or near the rate predicted for
intrinsic exchange (Figure 2) with protection factors ranging
from 1.0 to 2.4 (Table 1 and Figure 3). In the deuterium uptake
plots, however, there is a clear distinction between segments
that exchange at the calculated intrinsic rate and those that
exchange more slowly. Deuterium uptake plots for segments
1-12, 33—42, 33—47, 36—47, and 60—71 capture only the
plateau of H/D exchange (see Figure 2 and Figure S2 of the
Supporting Information). In these segments, the observed H/D
exchange is consistent with the intrinsic exchange calculation.
In contrast, for the 13—22, 29—35, and 48—59 segments, our
measurements at the 5 and 10 s points of D,O exposure capture
the knee of the H/D exchange curve and show clearly that
these segments exchange more slowly than predicted by
intrinsic exchange. Unlike ACTR, all segments in free CBP
exchange more slowly than predicted by the intrinsic exchange
calculation. Notably, all CBP segments follow similar H/D
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exchange kinetics, leading to a narrow range in the protection
factors between 4.1 and 5.7 (see Table 1 and Figure 3). Hence,
there is very little contrast between segments that span the
helical core and segments that span the tails.

In the complex, there are substantial changes in protection in
many but not all ACTR segments. Binding to CBP has no
effect on exchange in the N- and C-terminal regions of ACTR
(1-22 and 60—71). These regions exchange at the intrinsic
rate, indicating that they remain unprotected. In the middle
regions of ACTR (29-59), however, there is substantial
slowing of H/D exchange. Several segments, for example,
ACTR 48-59, show clear biexponential H/D exchange kinetics
(see Figure 2). In the middle regions of ACTR, segment-
averaged protection factors are as high as 180. The bimodal
exchange kinetics allowed us to subdivide several of the
segments,** wherein one part exchanges rapidly while other
regions are more protected from exchange. We have estimated
the number of amides involved in the biexponential fits as

)Nmax
(4)

where N, is the maximum number of detectable amide
exchanges. This essentially represents a back-exchange
correction”’ for the protection factors. By this means, we
have been able to differentiate regions with high and low
protection factors within a single peptide segment. For
example, the 33—42 region of ACTR in the complex
encompasses both highly protected ((PF,) = 180; four

Ny,

no. of amides with (PF)1 , = (N .
’l + 2

1
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Table 1. H/D Exchange Kinetic Data for Free and Bound CBP and ACTR

complex

free

intrinsic

(PF,/
PF&ee)

(PF,/
PFfree)

(PE,)

(PF,)

kigx
5

%

)

3.0
0.54

N N,

(PF)

&)
1.8
1.1

ki,

s
0.60
0.61

0.

residues
1018—1029

segment
1030—1039

1-12

protein

0.60
0.80

15

0.60
1.9
27

8.0
5.1

1.0
2.4
1.8
1.6
1.4
1.7
2.0
1.6

4.1

1.8
0.44

0.34

83
5.0
44

ACTR
ACTR

13-22
29-35
3342
33—47
36—47
48—59
60—71

0.023
0.43

4.5

0.61
1.9
1.7
1.5

90

1046—1052

ACTR

110
110

180 2.7

44
3.1

0.010

3.7

32
7.3

12

13

0.93
0.31
0.67
0.50
0.30
0.37
0.24
0.22
0.28
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2.0
11

2.1
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0.

4.6

0.081

0.75

2101-2117
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residues) and weakly protected ((PF,) = 4.4; four residues)
subsegments. This segment spans four residues of helix 1 and
four residues of the linker between helix 1 and helix 2. Although
the resolution of H/D-MS data does not define the exact
locations of the two amide populations, we have presented the
data in Figure 3 aligned with the known secondary structure of
ACTR in the complex. Several other segments of ACTR
spanning the helix 1 to helix 2 region (33—42, 33—47, and 36—
47) also exhibit biexponential kinetics. The 62—71 segment
spans both helix 3 and the unstructured C-terminal tail of
ACTR, but there is no increase in protection in this region of
ACTR in the complex.

The H/D exchange kinetics for CBP also change significantly
upon complex formation. There are substantial increases in
protection all along the length of CBP (Table 1 and Figure 3).
The largest increases in protection are in the Ca2 and Ca3
regions and in the linker connecting the two (residues 30—38,
31—40, and 40—43). Here, segment-averaged protection factors
increase from ~6 to 59—84. Protection also increases in the
segments covering the N-terminal half of Cal and the C-
terminal half of Ca3; however, the increases are not as large
because these segments also cover the N- and C-terminal tails,
respectively.

Figure 4 summarizes the effects of coupled binding and
folding on the exchange kinetics. The figure shows the
magnitude of the changes in segment-averaged protection,
(PEomplex)/ (PFgee), that accompany complex formation. The
observed increases in the protection factor in ACTR in the
complex range from ~1-fold in the terminal regions to ~100-
fold in helix 2 of ACTR. The C-terminal half of helix Aal and
all of helix Aa2 become highly protected in the complex (see
panels a and b of Figure 4), but the linker between Aal and
A2 remains unprotected from H/D exchange. The largest
increase in the protection factor was in the N-terminal half of
Aa3 (residues 55—59), while the 60—71 segment that covers
the last two residues of Aa3 (62 and 63) has no increase in
protection.

Compared with ACTR, there are only modest increases in
the protection factor in CBP (9—17-fold) in the complex
(Figure 4c,d). This effect can be attributed to greater protection
in free CBP that increases the denominator in the protection
ratio. Our H/D exchange measurements show that the C-
terminal half of Ca2 and the N-terminal half of Ca3 (residues
30—43) become the most highly protected regions of bound
CBP. There are only small increases in the protection factor in
bound CBP in the segments that span the N-terminus of Cal
and the C-terminus of Ca3 (residues 1—14 and 43-59,
respectively). The protection factor in the 17—30 segment of
bound CBP is greater than in the tail regions, but less than in
the central core of CBP. Because the 17—30 segment spans the
long linker between Cal and Ca2 and the flexible polyQ
region, a limited increase in protection here is consistent with
flexibility in this region of bound CBP.*'

B DISCUSSION

Model IDPs. Our objective in this work was to explore the
capabilities and limitations of equilibrium H/D exchange to
characterize intrinsically disordered proteins and reveal the
details of their unstructured-to-structured transitions. The
intrinsically disordered interaction domains of CBP and
ACTR®' serve as useful model systems because both the free
domains and their cofolded complex have been well-
characterized.">>'™>* To place our results within the context
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Figure 3. Protection factors mapped onto the sequences of ACTR and CBP for each peptide for both free and bound forms. The assigned secondary
structural elements from the CBP—/ACTR complex'® are also indicated. The first two residues of each peptide are colored gray to indicate that rapid
back-exchange of the deuterium label at these two positions leads to no measurable deuterium uptake.

<1 (No change)

<PFcomplex > ;:?4
<PFﬁe°> 14-40

>40 (Increased protection)

Figure 4. Structure of the ACTR—CBP complex (PDB entry 1KBH)'®
showing relative increases in the protection factor of (a and b) ACTR
and (c and d) CBP that accompany complex formation. The cognate
binding partner is shown in surface representation. In panels a and b, a
modeled unstructured N-terminal region was appended to the NMR
structure of ACTR. This figure was rendered using Pymol (version
0.99, DeLano Scientific, South San Francisco, CA).

of what is known about CBP and ACTR, we begin with a brief

review.
On the basis of extensive NMR relaxation data and secondary

chemical shifts, Ebert and co-workers®' concluded that ACTR
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had the characteristics of an unstructured random coil. More
recently, the conformation of free ACTR was interrogated
using CD, small-angle X-ray scattering (SAXS), and multi-
dimensional NMR.>* In particular, secondary chemical shift
measurements using reference shifts obtained from ACTR in
urea indicated that there was a small percentage of a-helical
propensity in the three regions of ACTR that form helices in
the complex, particularly in helix 1.

On the basis of NMR, CD, and urea unfolding, CBP has
been described as a molten globule, but its ensemble is
sufficiently well-defined that structures have been deter-
mined.’>>> NMR secondary chemical shift measurements
show well-formed helical structure in free CBP.>" The recent
ensemble of structures™ shows that CBP has a fairly well-
defined hydrophobic core comprising all three helices that
aligns well with the structure of CBP in the complex,* but the
N- and C-terminal regions are less well-defined. CBP is only
marginally stable and undergoes two-state unfolding with a AG,
of 6.1 + 0.4 kJ/mol,>® from which it follows that approximately
8% of the CBP population occupies conformers belonging to
the unfolded subpopulation at 300 K. The absence of additional
peaks in the NMR spectrum of free CBP led to the proposal
that CBP interconverts between different conformers slightly
faster than intermediate exchange (10* s7).>*

CBP and ACTR form a tight 1:1 complex (Ky = 34 nM) with
well-defined tertiary structure. The structure consists of a
helical bundle in which a series of leucine side chains in helix 1
of ACTR lie in a hydrophobic groove between helices 1 and 3
of CBP (see Figure 4)."° Secondary chemical shift measure-
ments show dramatic increases in the levels of secondary
structure across all of Aal and Aa2 but only a slight increase in
the levels of secondary structure on the N-terminal side of helix
Cal and the C-terminal end of helix Ca3.>' Relaxation
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measurements show that both proteins become less dynamic in
the complex.”'

Limited, Uniform Protection Reveals Conformational
Interconversion by Free CBP. Our results show that free
CBP is slightly protected from exchange and that the exchange
is nearly uniform in all segments (see Figure 3). The magnitude
of the protection factors in CBP appears to be near the lower
limit typically observed in the structured elements of molten
globules. For example, in molten globular apomyoglobin,
protection factors ranged from $ to 200 in helical regions,”® and
in the f-sheet molten globular variant of bovine pancreatic
trypsin inhibitor, protection factors ranging between 10 and 40
were found in the antiparallel p-sheet region.”” More
significantly, there is little differentiation in protection between
segments in CBP. For example, the CBP 31—40 segment,
spanning the most well-defined part of the CBP core, has a
(PF) of 6, while the CBP 43—59 segment, spanning the loosely
structured C-terminal half of helix 3 and the ill-defined C-
terminal tail, has a (PF) of 4. Given the differences in these two
regions, one would expect that the CBP 31—40 segment should
be significantly more protected than the CBP 43—59 segment.

The apparent inconsistency between our measurements and
the available data can be resolved if we interpret our data in
terms of a two-process model of H/D exchange®® as
illustrated conceptually in Figure 5. In this figure, CBP is

Exchange
Unstructured "N/ flux
ensemble (U) H ‘
1 fk
sl ) kD <kl
>
F U <<fL
é” Exchange
Molten globular flux
ensemble H

Figure S. This conceptual representation of the H/D exchange flux
model illustrates how limited, uniform protection observed for free
CBP can be explained by interconversion between an ensemble of
folded conformers and an ensemble of unstructured conformers.
Because the unstructured conformers are much less protected from
exchange, most of the total flux of exchange occurs through the
unstructured ensemble, as depicted by the heavy arrow. See the text
for additional details. The protein structures presented in this figure
are conceptual models only and do not imply any structural details
about the conformations. This figure was rendered with Pymol
(version 0.99, DeLano Scientific) using the structure of CBP from the
CBP—ACTR complex (PDB entry 1IKBH)"® as a starting point.

represented as an interconverting population of molecules that
occupy both molten globular conformers and unstructured
conformers. The H/D exchange flux®*®" occurs through two
separate channels: conformers of the molten globular ensemble
While the

Boltzman weight of the molten globular conformers is much

and conformers of the unstructured ensemble.

larger (fg in Figure S), these conformers are more protected
from exchange (k5 and ki). Conversely, CBP conformers
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occupying the unstructured ensemble have a much smaller
Boltzmann weight (fy in Figure S) but are nearly or completely
unprotected. Thus, the overall exchange flux is dominated by
H/D exchange through unfolded conformers because of the
rapid interconversion between the two populations.

The small, nearly uniform protection factors for free CBP
shown in Figure 3 are consistent with a well-defined, protected
molten globular ensemble of CBP conformers that rapidly
interconvert with a population of unprotected conformers.
Both the uniformity of protection and the small magnitude of
the protection factors arise because the majority of H/D
exchange occurs during intervals when CBP molecules occupy
unprotected conformations. Because the accepted model of the
molten globular state has well-defined secondary structure, but
fluctuating tertiary structure, protection against exchange has
often been taken as evidence of the existence of well-defined
secondary structure. The preceding discussion offers an
explanation for the limited, uniform protection that we find
in molten globular CBP. Our results support the conclusion of
Kjaergaard et al. that CBP occupies both a molten globular
ensemble and an unstructured ensemble.*® Our results also
indicate that CBP lacks a consistently stable core in the
unstructured ensemble. If such a core existed, then there would
be more protection in the core region(s) than in regions
outside of the core because the core regions would remain
protected in all conformers. This result suggests that despite
possessing well-defined conformers with a large Boltzmann
weight, formation of complexes with CBP could involve
coupled folding and binding as opposed to a strictly
conformational selection-based mechanism.*>*®

The absence of bimodal isotopic profiles in the mass spectra
of the CBP segments indicates that CBP only transiently
occupies unstructured conformations, supporting the rapid
interconversion proposed by Kjaergaard et al.> If the lifetime
of the unstructured, conformations was long relative to the
length of intrinsic exchange, then a bimodal isotopic
profile®**™° would be evident in our spectra because an
unstructured peptide segment would become fully deuterated
during its time in an unprotected conformation. Because there
is no evidence of such bimodal isotope profiles in any of the
CBP peptides (see Figures 1 and Figure S1 of the Supporting
Information), we conclude that the lifetime of the unstructured
conformers must be on the scale of milliseconds or shorter (i.e.,
much less than k™', which is on the order of 1 s at pD 7*").
The transient nature is consistent with the exchange constant
(kg + ky) of 10* s estimated by NMR.>> This dynamic
behavior is different than slow conformational interconversion
detected in previous H/D-MS work with SH3 domains.**%*%

Residual Structure in ACTR. While most segments in
ACTR exchange at the intrinsic rate, H/D exchange is slower
than predicted in the 29—35 and 48—59 segments, consistent
with secondary chemical shift measurements that showed a
slight helical propensity in these regions.>* Like CBP, there is
no indication of bimodal isotope profiles at the early exchange
time points in these slightly protected segments (see Figure 1,
ACTR 48-—59, and Figure S1 of the Supporting Information,
ACTR 29-35). From this, we conclude that these slightly
protected regions interconvert with unprotected conformations
on a time scale that is much faster than that of intrinsic
exchange (0.1—1 s). Thus, fully unprotected conformers in the
ACTR conformational ensemble exist. Equilibrium H/D
exchange measured on the millisecond time scale using quench
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flow®®®” may yield additional insight into the nature of the

transient helical structure in ACTR.

Formation of the ACTR—CBP Complex. Three factors
can contribute to increased protection factors in the complex:
stabilization of secondary structure, slowed dynamics, and
interface protection. Competing against these protecting effects
is the dynamic equilibrium between the complex and the less
protected free proteins.”® If the on rate for complex formation
is slow on the H/D exchange time scale, then H/D exchange
would involve two discrete populations, a minority of rapidly
exchanging free protein (~5%) and a majority (~95%) of
slowly exchanging protein in the complex. As was observed
with the free proteins, the MS spectra show no evidence of
bimodal isotopic distributions (see Figure 1 and Figure S1 of
the Supporting Information). In particular, there is no evidence
at early D,O exposure times of fully deuterated peptides in the
spectra from the complex. Such an exchange scenario is distinct
from the biexponential kinetics used to fit the ACTR data. In
the biexponential case, two subsets of amides in a segment
exchange at different rates. In the case of fast- and slow-
exchanging populations, all amides in a segment would
exchange by both processes. Because of the absence of bimodal
isotope profiles, we conclude that the complex forms and folds
rapidly from the free proteins relative to the time scale of
intrinsic exchange.

In cases of coupled binding and folding, where the free states
are only weakly protected, there will not be large protection
factors in the complex except at highly saturating ligand
concentrations. The reason for this is that the observed
exchange kinetics will be dictated by the brief intervals when
the proteins are ligand-free and unprotected.®’ Despite the
limitations, we can nevertheless derive valuable insight into
coupled binding and folding in the CBP—ACTR complex on
the basis of relative changes in protection. Our H/D-MS results
show that the regions involved in binding and/or folding can be
readily identified by increased protection factors in the
complex. The largest increases in protection are found in the
regions of ACTR that make hydrophobic side chain contacts
with hydrophobic residues lining a groove in CBP. CBP, which
is already more well-defined in the free state, shows much
smaller increases in protection in the complex, but as with
ACTR, the largest increases map to the core of the complex.

Application of H/D-MS to IDPs. In this work, we have
evaluated the capabilities of H/D-MS to characterize the model
IDPs CBP and ACTR and their synergistically folded complex.
Our work shows that the picture of ACTR and CBP that
emerges from our H/D exchange measurements is consistent
with previous biophysical measurements. With ACTR, we have
shown that analysis of segment-averaged H/D exchange
kinetics can be used to identify residual structure in
unstructured IDPs. With CBP, interconversion between
structured and unstructured conformers was revealed by
limited but nearly uniform protection. An important point
that emerges from this work is that the seemingly rapid,
uniform exchange, as we observed with CBP, could be easily
misinterpreted as indicating an unstructured protein. In this
regard, intrinsic exchange calculations serve as a useful upper
bound for H/D exchange kinetics, clearly showing that
exchange by CBP cannot simply be dismissed as rapid. In the
case of ACTR, these calculations were again useful, this time
highlighting the presence of residual structure.

H/D-MS promises to contribute to good progress in the
difficult terrain of intrinsically disordered proteins. While

8730

peptide-level H/D exchange lacks the single-amide resolution
afforded by NMR, mass spectrometry offers two distinct
advantages. First, MS measurements require only picomole
quantities of protein at micromolar concentrations. Given the
difficulty that many laboratories have encountered in the
expression and purification of recombinant IDPs, there may
simply never be enough protein for NMR or other biophysical
methods. The second advantage of mass spectrometry is that
protein mass is nearly unlimited. Recent work with ~150 kDa
monoclonal antibodies®® and viral assemblies®” has clearly
demonstrated the ability of H/D-MS to handle large proteins
and protein complexes. In large proteins, identification of short
unstructured molecular recognition features (MoRFs) that
undergo coupled binding and folding”® would be difficult with
any other technique.

Our work also reveals an important need for better kinetic
models to interpret segment-averaged H/D exchange kinetics.
While the stretched exponential equation**** does seem to
empirically describe H/D exchange kinetics, the theoretical
basis for its use and for the interpretation of the derived
parameters is currently lacking. In the absence of a good model
for justifying the use of the stretched exponential function, we
believe derivation of thermodynamic values from segment-
averaged protection should be approached with caution. There
is clearly a need for an extension of the two-process model of
H/D exchange to explicitly address both segment averaging and
the departure of IDPs from exchange under the conventional
kinetic limits. We speculate that such an extension might lend
new insight into the analysis of the H/D exchange kinetics of
IDPs.
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