JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Structural Characterization of Dihydrofolate Reductase Complexes
by Top-Down Ultraviolet Photodissociation Mass Spectrometry

Michael B. Cammarata,” Ross Thyer,;t Jake Rosenberg,T Andrew E]lington,i and Jennifer S. Brodbelt*

"Department of Chemistry and *Center for Systems and Synthetic Biology, University of Texas at Austin, Austin, Texas 78712,

United States

© Supporting Information

ABSTRACT: The stepwise reduction of dihydrofolate to

tetrahydrofolate entails significant conformational changes of

dihydrofolate reductase (DHFR). Binary and ternary complexes
of DHFR containing cofactor NADPH, inhibitor methotrexate
(MTX), or both NADPH and MTX were characterized by 193
nm ultraviolet photodissociation (UVPD) mass spectrometry.
UVPD yielded over 80% sequence coverage of DHFR and
resulted in production of fragment ions that revealed the
interactions between DHFR and each ligand. UVPD of the
binary DHFR-NADPH and DHFR-MTX complexes led to an
unprecedented number of fragment ions containing either an
N- or C-terminal protein fragment still bound to the ligand via
retention of noncovalent interactions. In addition, holo-
fragments retaining both ligands were observed upon UVPD

: ,'
NADPH binding
residues

of the ternary DHFR-NADPH-MTX complex. The combination of extensive holo and apo fragment ions allowed the locations of
the NADPH and MTX ligands to be mapped, with NADPH associated with the adenosine binding domain of DHFR and MTX
interacting with the loop domain. These findings are consistent with previous crystallographic evidence. Comparison of the
backbone cleavage propensities for apo DHFR and its holo counterparts revealed significant variations in UVPD fragmentation in
the regions expected to experience conformational changes upon binding NADPH, MTX, or both ligands. In particular, the
subdomain rotation and loop movements, which are believed to occur upon formation of the transition state of the ternary
complex, are reflected in the UVPD mass spectra. The UVPD spectra indicate enhanced backbone cleavages in regions that
become more flexible or show suppressed backbone cleavages for those regions either shielded by the ligand or involved in new
intramolecular interactions. This study corroborates the versatility of 193 nm UVPD mass spectrometry as a sensitive technique
to track enzymatic cycles that involve conformational rearrangements.

B INTRODUCTION

The use of mass spectrometry in the field of structural biology
has accelerated in recent years due to the advent of more
effective means of transporting native-like proteins into the gas
phase as well as refinement of methods used to probe protein
structures such as hydrogen—deuterium exchange and tandem
mass spectrometry.”> Many of the original studies that explored
the use of mass spectrometry for structural biology applications
utilized covalent labeling or cross-linking of proteins and
protein—ligand complexes in solution, followed by proteolytic
digestion, separation, identification, and sometimes quantifica-
tion of probe-modified or cross-linked peptides to reveal
information about the solvent accessibility and interacting
regions of the proteins.' More elegant strategies based on
hydrogen—deuterium exchange of the protein backbone amide
hydrogens have gained popularity due to their single residue
resolution and sensitivity to conformational changes.”> Most of
these methods have utilized a bottom-up workflow in which the
proteins of interest are enzymatically digested prior to analysis
of the constituent peptides, thus providing an indirect means to
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correlate protein structure with peptide-level outcomes. Since
the development of new, widely accessible high-performance
mass spectrometers, there has been growing interest in
employing top-down approaches for structural biology
investigations, thus allowing evaluation of intact proteins
transported to the gas phas.e.3_25 Collisional, electron-based
and photon-based activation methods have been used to
analyze the intact proteins.””*~* These methods have proven
effective for quantifying covalent labeling or hydrogen—
deuterium exchange of proteins to the same degree, if not
more completely, than the corresponding bottom-up ap-
proaches on proteins below 30 kDa.> %'

Compelling new advances in the application of mass
spectrometry to structural biology problems have been inspired
by the recent successes in transporting presumed native-like
proteins and protein complexes to the gas phase from buffered
solutions via native spray methods.'"** This has opened up the
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possibility of using mass spectrometry to directly interrogate
native-like protein structures, primarily using MS/MS methods
to disassemble the complexes, sequence the proteins, and draw
conclusions about Erotein conformation based on fragmenta-
tion behavior.''"'>*1?23473% One hallmark of native spray is
the adoption of much lower charge states of the native-like
proteins than those observed for denatured proteins sprayed
from acidic, methanol-containing solutions. Although still a
subject of debate, it is believed that proteins retain native-like
conformations to a large extent, thus allowing examination
binding interactions of protein complexes via an array of MS/
MS methods.'"***"** Ton mobility mass spectrometry (IMMS)
also plays a pivotal role in discerning and studying the three-
dimensional shapes of proteins and protein complexes in the
gas phase.'**' Collision-based activation of the resulting
protein—ligand or protein—protein complexes leads to ejection
of the ligands or intact protein monomers or multimers (from
multimeric protein complexes) as well as some sequence ions
from the proteins.'”'>*° Activation of native-like proteins
without any bound ligands leads to formation of sequence ions
that have been correlated with the B-factors of the groteins and
thus the local stabilities of specific regions.'>>** Ultraviolet
photodissociation (UVPD) in particular provides unsurpassed
levels of sequence coverage for intact proteins (denatured
ones)***”* and has more recently exhibited similar levels of
performance for native-like proteins and protein complexes.'>**
For the latter, UVPD resulted in conventional sequence ions
for which the abundances of ions produced upon cleavage of
inter-residue bonds mirrored the B-factors of the protein. In
addition UVPD generated product ions comprised of a portion
of the protein (a, b, ¢, %, y, or z ion) still bound through
noncovalent interactions to the ligand.">** One recent study
showed that the abundance of the fragment ions from
myoglobin varied as a function of heme binding (apo and
holo states) in a way that aligned with expected conformational
changes upon ligand binding.>* Additionally it was recently
reported that conformers of ubiquitin separated in the gas
phase by ion mobility were differentiated based on their UVPD
fragmentation patterns.’® Electron-capture dissociation, elec-
tron-transfer dissociation, and surface-induced dissociation have
also been used to disassemble native proteins or protein
complexes in the gas phase.”*?>3%7% Collectively, these
studies have provided growing evidence that native spray, in
conjunction with tandem mass spectrometry, can be employed
to address increasingly advanced questions about the nature of
protein—ligand interactions in the context of structural
biology.'>* Herein we report the use of UVPD to examine
binary and ternary protein ligand complexes, as described for
dihydrofolate reductase (DHFR).

DHFR is a small protein (~19 kDa, 186 amino acids) that
reduces dihydrofolate (DHF) to tetrahydrofolate (THF). THF
is the precursor for all folate coenzymes involved in numerous
biosynthetic pathways.”*>" Nicotinamide adenine dinucleotide
phosphate (NADPH) serves as a cofactor of DHFR during its
catalytic cycle and is oxidized in the process.”” The stepwise
DHEFR reaction has been explored by many methods to
elucidate the energetics and structural intermediates.”"**~>” An
outstanding depiction of the dynamic landscape of DHFR
catalysis and structural models of key intermediates in the
catalytic cycle is provided in ref 56. There are two well-defined
binding regions in DHFR: the adenosine-binding domain and
the loop-binding domain.”" Upon both substrate and cofactor
binding, it has been established that there are specific loop
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movements, particularly in the M20, F-G and G-H loops,
responsible for catalyzing the reduction of DHF and releasing
THF and the oxidized NADP+.>">**"7>® These loop move-
ments have been shown to be key conformational changes
through the catalytic cycle. Additionally, DHFR é)lays a pivotal
role in the folate cycle that produces thymine.”® Thymine is
required for the proliferation of rapidly dividing cells, such as
those during cancerous metastasis. This feature makes DHFR a
compelling drug target for the development of clinical
therapeutics, such as methotrexate (MTX).S1536162 Thig
potent inhibitor of DHFR has also been used in combination
with NADPH to aide in the creation of models of the transition
state of the DHFR reaction.”® The fact that DHFR binds both
NADPH and MTX makes it an attractive candidate for
expanding the scope of UVPD for investigation of protein—
ligand complexes. We report here that UVPD can be used to
probe DHFR as well as its binary and ternary complexes
(DHFR-NADPH, DHFR-MTX, and DHFR-NADPH-MTX)
and to explore the stepwise impact of loop movements and the
ligand binding sites as revealed by the UVPD fragmentation
trends.

B EXPERIMENTAL SECTION

DHFR Production. For expression of DHFR, the E. coli folA gene
encoding dihydrofolate reductase including a C-terminal His6-tag
(amplified from DH10B genomic DNA) was cloned into the Ndel/
Pacl sites of pETDuet-1 (Novagen). BL21(DE3) cells containing
pETDuet-DHEFR were cultured in 2 L of LB medium and induced with
IPTG during mid log phase. Cells were harvested by centrifugation at
8000 X g for 10 min and resuspended in 20 mL of wash buffer (100
mM Tris, 150 mM NaCl, 1 mM EDTA at pH 8.0) with protease
inhibitor cocktail (cOmplete, mini EDTA free, Roche) and lysozyme
at 1 mg-mL™". Following a 20 min incubation at 4 °C cells were lysed
by sonication (Model 500, Fisher Scientific) and clarified three times
by centrifugation at 35000 X g for 30 min. Lysate was filtered through
a 0.2 ym membrane, and DHFR was recovered by IMAC using Ni-
NTA resin and gravity flow columns. Eluate was concentrated and
dialyzed against 50 mM NH,OAc pH 6.5, followed by purification to
apparent homogeneity by size exclusion fast protein liquid
chromatography (FPLC).

Mass Spectrometry. DHFR solutions were prepared by
incubation of 15 yM DHEFR stock in 50 mM ammonium acetate at
pH 6.5 with 20X excess NADPH, MTX, or NADPH + MTX,
respectively, for 30 min at room temperature. All ligands and reagents
were obtained from Sigma-Aldrich. Each sample was cleaned six times
with a 10 kDa molecular weight cutoff filter (Millipore, Darmstadt,
Germany) and diluted to 7 M with SO mM ammonium acetate pH
6.5 for the native protein samples, while the denatured protein sample
was filtered into 50:49:1 (water:acetonitrile:formic acid). Samples were
infused using a 40 nm Au-coated static tip electrospray setup with an
applied voltage of 1.2—1.5 kV. A heated capillary was set at 200 °C to
assist desolvation of the proteins. All experiments were undertaken on
a Thermo Scientific Instruments Orbitrap Elite mass spectrometer
(Bremen, Germany) equipped with a Coherent Excistar excimer laser
(Santa Cruz, CA) for photodissociation.”” UVPD was performed in
the HCD cell operated at 10 mTorr helium pressure and using a single
3.0 mJ laser pulse (193 nm wavelength) per spectrum. The 9+ charge-
state species was selected in every case using an isolation width of 15
m/z and an AGC target of leS with a maximum injection time of 1 s.
250 scans total were averaged for each spectrum.

Data Analysis. UVPD mass spectra were deconvoluted using the
Thermo Xtract algorithm with a S/N ratio of 3, then searched through
Prosight PC 3.0 modified with custom code to include nine UVPD-
type ions (a4, ae, b, ¢, x, xe, y, y — 1, z). These ion types are
consistently found by UVPD.?” The searches for and assignments of
ligand-containing fragment ions (holo fragments in which a segment of
the protein retains the ligand via noncovalent interactions) were done
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Figure 1. TIC abundance % per residue plots of summed holo + apo product ions (including both N- and C-termini ions) from DHFR and its
respective complexes DHFR-NADPH (a), DHFR-MTX (b), and DHFR-NADPH-MTX (c). The 9+ charge state was selected for all experiments.
The color code used for each protein is shown in the legend. Important structural features are highlighted below the graphs and relate directly to
color coding in Supporting Information, Figure 1. Standard deviations were calculated from four replicates.

in a manner to account for mass shifts corresponding to retention of
the MTX, NADPH, or MTX + NADPH ligands by the standard
sequence ion types (a, b, ¢, %, y, and z). The ligand mass shifts plus up
to three extra hydrogens (due to the prominence of hydrogen atom
(not proton) migrations during activation of proteins by UVPD) were
treated as variable modifications and were applied as follows: mass
shift of 454.1713—457.1948 Da for MTX, 743.0750—746.09845 Da for
NADPH, and 1198.2541-1201.2776 Da for MTX + NADPH. All
identified ions were normalized relative to the total ion current of the
respective spectra to allow evaluation of trends for all spectra.
Fragment ions arising from cleavage of the backbone positions
between pairs of adjacent amino acids in the protein sequence were
collectively summed. For example, all product ions arising from
backbone cleavages that occur N-terminal to a specific amino acid
(yielding a,, b,, and c, ions) were summed with all the complementary
C-terminal product ions arising from the next flanking amino acid-
containing backbone cleavage site (yielding complementary xg_(,1) ,
Yr(u+1 a0d Zg_(,,1) ions), where R is the total number of amino acids
in the protein. For visualization of the results, residues that displayed a
significant change in fragmentation yields were highlighted on crystal
structures representing DHFR-NADPH, DHFR-MTX, and DHFR-
NADPH-MTX complexes. The PDB codes for these structures are
1RX1, IRG7, and 1RX3, respectively. B-factors were extracted from
the respective PDB files as well as for the apo-DHFR form from
SDFR. All visualizations were performed using Pymol 1.3 software.
Pymol was also used to search for polar contacts with a 4.0 A cutoff.
All UVPD experiments were repeated at least three times. A structural
representation of DHFR based on X-ray crystal structure 1RX3 is
shown in Supporting Information, Figure 1, with the helices and
binding domains labeled and color-coded.
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B RESULTS AND DISCUSSION

In this study, UVPD was used as a tool to characterize
previously known ligand binding sites and evaluate changes in
the structure of DHFR based are reflected by variations in the
fragmentation patterns of the protein. DHFR was successfully
transferred to the gas phase via native ESI conditions to
generate apo and holo noncovalent complexes containing
MTX, NADPH, or both NADPH and MTX in low-charge
states (8+, 9+) characteristic of native-like proteins (Supporting
Information, Figure 2). The 9+ charge state was the muost
abundant for each DHFR complex, and thus this charge state
was isolated and subjected to UVPD for all MS/MS
experiments. Examples of the resulting UVPD mass spectra
are displayed in Supporting Information, Figure 3. Deconvo-
lution shows that the UVPD spectra are very rich and high
quality, containing a variety of multicharged 4, b, ¢, «, y, z ions,
some retaining the NADPH and/or MTX ligands (Supporting
Information, Figures 3 and 4). In general a/x-type ions were
about twice as abundant as b/y and ¢/z ions. UVPD of each of
the native apo and holo proteins (9+) yielded at least 81%
sequence coverage. For the native-like DHFR complexes, the
pattern of backbone cleavages of DHFR (based on formation of
N-terminal g, b, and ¢ ions and C-terminal %, y, and z ions by
UVPD) is influenced by the presence or absence of bound
ligands as well as conformational changes that alter the
flexibility/stability of specific regions and thus the susceptibility
to fragmentation. The fact that absorption cross sections of
proteins may vary with charge density or conformation has
been postulated previously®® and echoed in one of our previous
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Figure 2. Those residues which had an enhanced (positive) or suppressed (negative) change in UVPD fragmentation upon comparison of apo-
DHFR and (a) DHFR-NADPH, (b) DHFR-MTX, and (c¢) DHFR-MTX-NADPH as well as comparison of (d) DHFR-NADPH to DHFR-MTX:
NADPH were highlighted according to the colored bins. In each case, the increase (enhancement) or decrease (suppression) in UVPD
fragmentation yield is shown as a percentage representing the change in ion abundance (based on total ion current) and superimposed on the crystal
structures. Crystal structures 1RX1, IRG7, and 1RX3 were used to represent the DHFR-NADPH (a), DHFR: MTX (b), and DHFR-MTX-NADPH
(c and d) complexes, respectively. Two 45° rotations are shown for each complex.

studies.>* Variations in molar absorptivities of structural

elements of proteins in solution (a-helices versus coiled/loop
regions) have similarly been documented.**

The complexity of the UVPD mass spectra required careful
analysis to differentiate and assign ligand-free (apo) and ligand-
containing (holo) sequence ions, as described in the
Experimental Section. For the ternary DHFR-NADPH-MTX
complex, fragment ions containing either NAPDH or MTX or
both NADPH and MTX were identified. The average numbers
of ligand-containing fragment ions found for each DHFR
complex are summarized in Supporting Information, Figure S.
The DHFR-MTX complex produced 46 unique MTX-
containing fragment ions, and 135 unique NADPH-containing
fragment jons were obtained from the DHFR-NADPH
complex. For the multiligand ternary DHFR-NADPH-MTX
complex, a total of 212 unique holo fragments were identified
upon UVPD, including 106 retaining NADPH, 36 retaining
MTX, and 70 containing both NADPH and MTX. In summary,
NADPH was retained in a greater number of sequence ions
than was MTX, and MTX was retained in more sequence ions
for the ternary DHFR-NADPH-MTX complex than for the
binary DHFR-MTX complex. In addition, NADPH was
retained more frequently than MTX upon dissociation of the
ternary DHFR-NADPH-MTX complex. In fact MTX was
retained more often in conjunction with retention of NADPH
than retention of MTX alone. This latter result suggested that
the ternary DHFR-NADPH-MTX complex engaged in different
and/or stronger interactions with the MTX ligand than found
in the binary DHFR-MTX complex. The detection of sequence
ions retaining both NADPH and MTX for the ternary DHFR-
NADPH-MTX complex was particularly interesting, thus
signaling the survival of the noncovalent interactions between
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the protein and two different ligands during the photoactivation
and dissociation process.

Each UVPD mass spectrum was processed to calculate the
relative fragmentation propensities between each pair of amino
acids in the sequence (i, based on backbone cleavages
between every pair of residues; summing those C-terminal x, y,
z and N-terminal g, b, ¢ ions surrounding each amino acid as
described in the Experimental Section). The backbone cleavage
propensities are summarized in graphical form in Figure 1, with
the results for apo-DHFR overlaid with the corresponding
results for each of the three complexes (DHFR-NADPH,
DHFR-MTX, and DHFR-NADPH-MTX in Figure la-—c,
respectively). A number of notable differences were observed
upon inspection of the fragmentation trends for apo-DHFR
relative to its complexes: cleavage at some backbone sites was
enhanced; others were significantly suppressed upon ligand
binding. To aid in visualization of the regions of the protein for
which fragmentation was enhanced or suppressed, the residues
corresponding to those backbone cleavage sites are highlighted
on the structures of the various DHFR complexes in Figure 2.
The structural elements and subdomains of DHFR are
illustrated in Supporting Information, Figure 1. Selected
amino acids are numbered to facilitate visual orientation of
the protein relative to the backbone sites for which cleavage is
altered going from the apoprotein to the holo-protein
complexes. In Figure 2, the change in fragmentation propensity
for each DHFR complex is scaled relative to the fragmentation
propensity of apo-DHFR. A decrease in backbone fragmenta-
tion (suppression of fragmentation) is highlighted in binned cool
colors (cyan, blue, purple) on each crystal structure, and
increases in backbone fragmentation (enhancement of
fragmentation upon ligand binding) are binned into warm
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colors (yellow, orange, red). For native-like proteins or
protein—ligand complexes in the gas phase, the suppression
or enhancement of specific backbone cleavage sites upon
UVPD is modulated by two primary effects: shielding of
backbone sites by noncovalent interactions with the ligands or
involvement in other intramolecular interactions (thus
suppressing fragmentation of those regions) or enhancement
of backbone fragmentation due to increased conformational
flexibility (higher B value).'>3* Regions with greater conforma-
tional flexibility should have fewer intramolecular interactions
than the more rigid regions. Therefore, fewer intramolecular
interactions must be disrupted in order to release pairs of
fragment ions (N- and C-terminal products) when a particular
backbone bond is cleaved, thus accounting for higher UVPD
yields. Moreover, as mentioned above absorption cross sections
of different structural elements of proteins are known to vary in
solution,** thus potentially translating to variations in local
absorptivities in the gas phase.

Upon comparison of the backbone fragmentation trends for
apo-DHFR and DHFR-NADPH, the most notable enhance-
ment in fragmentation occurs in the region of the M20 loop
(particularly backbone cleavages associated with residues 12—
25) as well as from residues 37 to 41 (Figures la and 2a). For
the same comparison, significant suppression of UVPD
fragmentation occurred in the adenosine binding domain
(ABD) in the loop regions from residues S1 to 54, 62 to 65,
and 84 to 88. There were only a few backbone cleavages in the
ABD that were enhanced for the DHFR-NADPH complex
relative to DHFR (cleavages adjacent to residues S5, 56, 95, and
96). Some suppression of UVPD occurred in the helices of the
ABD (namely in the C, E, and F helices), most notably adjacent
to residues 102—104 in the F-helix. This suggests that NADPH
binding causes a conformational shift of the M20 loop as well as
in the ABD, specifically in the loop region containing residues
62—65. These changes in the UVPD pattern parallel some of
the insights drawn by Sawaya et al,, whom reported the most
in-depth crystallographic analysis of the loop and subdomain
movements of DHFR and its NADPH complexes.’’ They
mapped the binding of the adenosine portion of NADPH to
the ABD as well as the shift the M20 loop from a disordered or
open conformation to a closed conformation upon NADPH
binding.>' Sawaya et al. also reported that the transition from
an open to closed state resulted in disruption of hydrogen
bonds between residues N23 and $148.>" While a large change
in the UVPD cleavage pattern is not observed next to residue
S148, there is a substantial enhancement in backbone cleavage
adjacent to residues L24 and P25 which directly neighbor N23.
Also notable is the lack of significant changes in cleavage of the
backbone sites in the F-G loop which are presumed to maintain
hydrogen bonds with the M20 loop in the DHFR-NADPH
complex.>!

Sawaya et al. determined that apo-DHFR and its DHFR-
MTX complex had similar crystal structures overall; however,
the M20 loop was disordered in the apo-DHFR structure, but
upon binding MTX the M20 loop adopted a more stable open
conformation.”’ The main interaction between DHFR and
MTX was purported to involve the (p-aminobenzoyl)glutamate
(pABG) section of MTX and helix B of DHFR (see structural
guide in Supporting Information, Figure 1) which arose from
significant hydrophobic interactions.” Such interactions are
anticipated to be diminished in the gas phase, thus rationalizing
both the lower retention of MTX in the fragment ions
produced upon UVPD of the binary DHFR-MTX and ternary
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DHFR-MTX:NADPH complexes as well as the relatively
modest amount of change in fragmentation between the apo-
DHFR and DHFR-MTX complexes (Figure 1b). However,
there are still some notable enhancements in UVPD
fragmentation for the DHFR-MTX complex relative to apo-
DHFR. These changes are most prominent in the M20 loop,
specifically enhancements in backbone cleavage adjacent to
residues 17—18 and in helix B (next to residues 34, 37, 38, 40,
and 41). These changes in UVPD within the M20 loop are
rationalized based on an ordering of the loop upon MTX
binding and the interaction of helix B with MTX. In
comparison to the DHFR-NADPH complex, there is little
suppression of backbone cleavage of DHFR in the DHFR-MTX
complex and virtually no changes in UVPD in the ABD region
(which is remote from the MTX binding site based on the
crystal structure).

Upon inspection of the UVPD fragmentation trends for the
ternary DHFR-MTX-NADPH complex (Figures 1c and 2¢,d ),
there is a significant increase in the number of backbone
cleavage sites suppressed or enhanced for the ternary complex
in comparison to apo-DHEFR or the binary complexes. Most of
the changes mirror those already noted upon the binding of
NADPH, such as suppression of fragmentation in the ABD and
enhancement of fragmentation in the M20 loop. However,
there are new enhancements when both ligands are affiliated
with DHFR. These new regions of enhancement occur in the
F-G and G-H loops and in the central -sheet of the enzyme.

It has been suggested previously that the ternary DHFR-
MTX-NADPH complex mimics and exhibits properties similar
to that of the active protein transition state for the reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF).>" Upon
reduction of DHF, the M20 loop adopts an occluded state
which results in disruption of hydrogen bonds between residues
G121 and D122 from the F-G loop and residues G15 and M16
from the M20 loop.”' Additionally upon this M20 loop
transition, residue S148 from the G-H loop reforms a hydrogen
bond to N23.°' Other conformational changes occur during
this transition-like state, including binding of NADPH and a
twisting of the f-sheet between strands A and E. These
conformational changes are mirrored by large enhancement of
backbone fragmentation upon UVPD, spanning both the F-G
loop (next to residues 115, 116, 119—123, 125, 127—130) and
G-H loop (next to residues 141—150) and with a lower degree
of enhancement of fragmentation in the M20 loop (residues
14—16, 18—20, and 22). This low enhancement of UVPD in
the M20 loop suggests that the M20 loop may be much less
dynamic and instead maintains a more closed and rigid
conformation. A small amount of suppression of fragmentation
is also observed adjacent to residues 24 and 25 in the M20
loop. Interestingly, as noted above for the binary DHFR-
NADPH complex the cleavage adjacent to these residues (24
and 25) was enhanced, presumably because the hydrogen bond
between S148 and N23 was disrupted upon NADPH binding.
All of these changes from UVPD tracked well with the
transition-state mechanism of DHFR discussed above. While
that transition-state explanation evolved from a crystallographic
analysis of solid-state (static) structures,”® the UVPD trends
offer a dynamic depiction dependent on disruption and
formation of hydrogen bonds or other electrostatic interactions
that influence the propensity for backbone cleavages upon
UVPD. There are also compelling changes in UVPD
fragmentation occurring in the region of DHFR that directly
contacts the MTX ligand. Certain backbone cleavages increased
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in helix B (adjacent to residues 29, 32, and 34), whereas there
was a significant suppression of backbone cleavages in the ABD
region nearest the MTX binding site (next to residues 52, 53
and 55—59). This is suggestive of a stronger binding interaction
occurring in the ternary DHFR-MTX-NADPH complex in
comparison to the DHFR-MTX binary complex discussed
above.

The pattern and relative abundance of ligand-containing
(holo) sequence ions produced upon UVPD is displayed as a
function of the backbone cleavage site in Figure 3 and is
classified as N- or C-terminal ions. These types of maps are
useful for discerning the location of the ligands upon
dissociation of the noncovalent protein—ligand complexes.
The identified holo ions represent a significant portion of the
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Figure 3. Plots of the N-terminal (blue) and C-terminal (red) holo
fragment ions shown relative to the backbone cleavage site produced
upon UVPD of DHFR-NADPH, DHFR-MTX, and DHFR-NADPH-
MTX complexes, including those fragment ions retaining NADPH
arising from (a) DHFR-NADPH and (b) DHFR-NADPH-MTX, those
fragment ions retaining MTX arising from (c) DHFR-MTX and (d)
DHFR-NADPH-MTX, and those fragment ions retaining both MTX
and NADPH arising from (e) DHFR-NADPH-MTX. The 9+ charge
state was selected for all experiments.
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fragment abundance per residue and sometimes are responsible
for 100% of the ion current affiliated with backbone cleavages at
a particular residue (Supporting Information, Figure 6). As
expected, those fragment ions that retain NADPH for the
DHFR-NADPH complex differ from those that retain MTX for
the DHFR-MTX complex, an outcome anticipated based on
the different binding sites of each ligand. For example, the
NADPH ligand is known to interact with residues in the M20
loop as well as those found in the ABD based on the extensive
array of N- and C-terminal holo fragment ions that contain
these same stretches of amino acids. These amino acids are
highlighted in purple in the space-filled model of DHFR in
Figure 4 and include residues 13, 14, 16—18, 59, 75, 77, 80—84,

Figure 4. Space-filled model of NADPH (in blue/red/ orange spheres)
and the predicted interacting residues of DHFR (purple spheres)
based on UVPD fragmentation. The residues of DHFR presumed to
interact with NADPH correspond to those that show overlapping N-
and C-termini holo ions from backbone cleavages upon UVPD. Other
holo (NADPH-containing) fragment ions from the N-terminus are
highlighted in blue, and other holo (NADPH-containing) fragment
ions from the C-terminus are highlighted in red (nonspace filled).

98—101, 104, 112, 153, 159, and 162. This result is generally
consistent with the interaction of NADPH with the M20 loop
(residues 9—25) and the ABD (residues 38—107),° in
particular involving polar contacts between DHFR (residues
7,18, 19, 44—46, 63, 64, 96—98, and 102) and NADPH. (Polar
contacts were found using PyMol with a 4 A cutoff from
analysis of crystal structure 1RX1.) The holo fragment ions
produced upon UVPD do not overlay perfectly with the
contact residues 7, 44—46, or 63—64 predicted from PyMol.
However, there are both N- and C-terminal holo ions
containing NADPH based on backbone cleavages adjacent to
the predicted residues at 9 and 10 as well as 65—67. The
proximity of these residues with those from the PyMol
prediction provides compelling evidence that the holo fragment
ions produced by UVPD reflect the NADPH binding site.

The MTX ligand was less consistently retained following
UVPD, and thus fewer informative holo sequence ions were
produced (Figure 3c). There are relatively few overlapping C-
and N-terminal holo ions that are particularly diagnostic for
elucidation of the ligand binding site. The MTX-containing
fragment ions occurred from backbone cleavages adjacent to
residues 43, 71, 81, 83, 85, and 122. There were also N- and C-
terminal holo ions from backbone cleavages at residues 18 and
19. In general MTX is known to primarily interact with residues
in the loop domain (1—37 and 108—159) and specifically with
residues S, 27, 52, 57, 94, and 100 based on polar contacts from
crystal structure 1RG7.%° The low frequency of holo fragment
ions prohibited more detailed assessment of the MTX binding
site based on the UVPD data.

UVPD of the ternary DHFR-NADPH-MTX complex
resulted in an extensive array of NADPH-containing fragment
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ions (Figure 3b,e) encompassing many of the same ones as
observed for the DHFR-NADPH complex, with some
exceptions. For the ternary DHFR-NADPH-MTX complex
there are a more elaborate array of C-terminal ions and a
stretch of missing C-terminal ions corresponding to cleavages
adjacent to residues 34 to 38 that were notable for the binary
DHFR-NADPH complex. The latter residues encompass or
border helix B. Helix B is known to directly interact with
MTX, thus explaining the potential suppression of cleavage of
those backbone sites upon UVPD of the ternary complex in the
present study. Additionally, the production of MTX-containing
N-terminal fragments arising from backbone cleavages from
residues 13 to 23 was observed upon UVPD of the ternary
DHFR-NADPH-MTX complex (Figure 3d,e) in addition to
backbone cleavages from 9 to 12 and 17 to 19 previously noted
upon UVPD of the binary DHFR-MTX complex. The
enhancement in the number and variety of MTX-containing
fragment jons for the ternary complex suggests modulation of
MTX binding in conjunction with NADPH binding which
causes the M20 loop (residues 9—25) to change conformation.

There is less noticeable overlap in the sequence ions that
retain solely MTX or solely NADPH for the ternary DHFR-
NADPH-MTX complexes relative to the corresponding holo
sequence ions observed upon UVPD of the binary DHFR:
NADPH and DHFR-MTX complexes (i.e., Figure 3a versus
3b,c versus 3d). For example, there are many more C-terminal
ions that retain NADPH for DHFR-NADPH (Figure 3a) than
for DHFR-NADPH-MTX (Figure 3b). In contrast, there are
more N-terminal ions that retain MTX for DHFR-MTX
(Figure 3c) than for DHFR-NADPH-MTX (Figure 3d). This
may be explained by the fact that NADPH is mainly associated
with the ABD which is largely composed of the middle of the
N-terminal half of the protein, and MTX is known to interact
with the helix B region of the loop domain, thus “splitting” the
holo N-terminal jon current. In terms of the fragment jons that
retain both ligands upon UVPD of the ternary DHFR-NADPH-
MTX complexes, the N-terminal fragments showed significant
overlap with the N-terminal NADPH-containing fragment ions
from DHFR-NADPH (Figure 3a versus 3e). This results
suggests that NADPH does not “migrate” significantly upon
addition of the second ligand (MTX) nor does the UVPD
process cause significant ligand rearrangement. The fragment
ions that retained both MTX and NADPH upon UVPD of the
DHFR-NADPH-MTX complexes are for the most part ones
that mirror ones that retained NADPH or MTX alone. This
complementarity is consistent with maintenance of the same
networks of noncovalent interactions that retain NADPH at
one region of the protein and MTX at another.

B CONCLUSION

This study demonstrates the versatility of 193 nm UVPD for
deciphering protein—ligand interactions in native-like ternary
protein complexes. The retention of noncovalent interactions
upon UV photoactivation allows the determination of ligand
binding sites based on observation of ligand-containing (holo)
product ions as well as suppression of backbone cleavages
compared to the same backbone cleavages in the ligand-free
(apo) protein. The UVPD trends correlate well with previously
determined crystal structure information. Interpretation of the
two pools of product ions (holo and apo) gives a more
complete picture of the structural changes that DHFR
undergoes upon NADPH and MTX binding. In particular,
the changes in abundances of the holo and apo fragment ions
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reflect the conformational changes of DHFR that accompany
the ligand binding events. The large array of holo fragment ions
containing an N- or C-terminal portion of the protein and
either NADPH, MTX or both NADPH and MTX ligands
allowed the locations of each ligand to be determined in a
manner that reflected the subdomain rotation and loop
movements of DHFR upon interaction with the two ligands.
The ability to examine ternary complexes (in addition to binary
complexes and individual proteins) makes UVPD-MS a
compelling new approach for addressing increasingly compli-
cated questions in the arena of structural biology with
numerous potential implications for studies of enzyme
inhibitors and the drug discovery process. The potential
sensitivity of UVPD to the impact of single point mutations
on protein conformation is a related application that is
currently underway.
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