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Preliminary neutron diffraction studies of
Escherichia coli dihydrofolate reductase bound to

the anticancer drug methotrexate

The contribution of H atoms in noncovalent interactions and
enzymatic reactions underlies virtually all aspects of biology at
the molecular level, yet their ‘visualization’ is quite difficult.
To better understand the catalytic mechanism of Escherichia
coli dihydrofolate reductase (ecDHFR), a neutron diffraction
study is under way to directly determine the accurate positions
of H atoms within its active site. Despite exhaustive
investigation of the catalytic mechanism of DHFR, contro-
versy persists over the exact pathway associated with proton
donation in reduction of the substrate, dihydrofolate. As the
initial step in a proof-of-principle experiment which will
identify ligand and residue protonation states as well as
precise solvent structures, a neutron diffraction data set has
been collected on a 0.3 mm® D,0-soaked crystal of ecDHFR
bound to the anticancer drug methotrexate (MTX) using the
LADI instrument at ILL. The completeness in individual
resolution shells dropped to below 50% between 3.11 and
3.48 A and the I/o(I) in individual shells dropped to below 2 at
around 2.46 A. However, reflections with llo(I) greater than 2
were observed beyond these limits (as far out as 2.2 A) To our
knowledge, these crystals possess one of the largest primitive
unit cells (P6;,a=b=92,c=73 A) and one of the smallest
crystal volumes so far tested successfully with neutrons.

1. Introduction

Dihydrofolate reductases (DHFRs) are conserved across
species from archaea to the higher mammals (Kraut &
Matthews, 1987) and are critical for multiple metabolic path-
ways, including pyrimidine and amino-acid biosynthesis as
well as other processes involving one-carbon transfer reac-
tions (for an excellent review, see Schnell et al., 2004). They
catalyze the NADPH-dependent reduction of 7,8-dihydro-
folate (DHF) to 5,6,7,8-tetrahydrofolate (THF). The impor-
tance of this step lies in the partial recycling of the THF
metabolite NS-NIO-methylene-THF, which serves to donate a
methyl group to deoxyuridylmonophosphate (dUMP), thus
converting dUMP to deoxythymidylmonophosphate (dTMP).
The dTMP nucleotides are then incorporated into DNA at the
S phase or during DNA-damage response. Another product of
the methyl-transfer reaction is DHF, the substrate for DHFR
(Kraut & Matthews, 1987). The ability to block the catalytic
activity of DHFR leads to interruption of DNA synthesis,
genomic instability and ultimately cell death. Accordingly,
several therapeutic agents have been discovered that can
inhibit DHFR, most notably the antitumor drugs aminopterin
and amethopterin (or methotrexate; MTX) and the anti-
microbial trimethoprim (TMP; Huennekens, 1994, 1996;
Schnell et al., 2004).
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There are more than 45 X-ray structures available for
ecDHFR in 28 different liganded states as deposited in the
PDB (http://www.rcsb.org; Berman et al., 2000). The overall
three-dimensional structure of DHFR is dominated by a
central eight-stranded f-sheet, with the upper four sheets
maintaining the nucleotide- or cofactor-binding domain while
the lower ones maintain the substrate-binding or loop domain
(Bolin et al., 1982; Bystroff et al., 1990; Matthews et al., 1977,
Reyes et al., 1995). The substrate and cofactor bind at a cleft
formed at the interface of the two domains and the positioning
of one of the loops, the M20 loop (residues 9-24), has been
proposed to be linked to the positioning of the enzyme along
the reaction coordinate (Miller & Benkovic, 1998; Miller et al.,
2001; Sawaya & Kraut, 1997).

The active site of ecDHFR is quite hydrophobic, with the
only ionizable residue being Asp27, which is positioned upon
a-helix B framing the back of the active site (Bolin et al., 1982;
Matthews et al., 1977, 1985). The protonation state of Asp27 is
the subject of great controversy. Early crystallographic studies
of DHFR bound to DHF analogs (such as MTX) revealed that
the active site Asp27 is actually >5 A away from the N5 atom
on the pteridine ring of the substrate (Bolin et al., 1982;
Matthews et al., 1977; Reyes et al., 1995). Mutagenesis studies
in which the Asp27 was replaced by Ser or Asn show a severe
decrease in catalytic rate and efficiency (Howell ef al., 1986;
Villafranca et al., 1983). How Asp27 is involved in catalysis is
therefore of great interest and a number of groups have
proposed different roles for this residue. Whilst initial muta-
genesis studies suggested that Asp27 serves as a general acid,
later studies proposed that Asp27 acts by elevating the N5 pK,
of bound DHF from 2.59 to 6.5, using long-range polarization
effects to induce and maintain protonation of DHF once
bound (Bajorath et al., 1991; Chen et al., 1994, 1997). Since a
pH profile of ecDHFR reveals a catalytic pK, for the hydride-
transfer step of 6.5 (Fierke, Johnson et al., 1987), this titration
could correlate with a perturbed pK, for either Asp27 or DHF.
Recent '*C NMR studies have shown that the homologous
Asp26 residue in Lactobacillus casei DHFR possesses a pK, of
less than 4, so this residue appears to be negatively charged at
physiological pH (Casarotto et al, 1999). Additionally, a
resonance Raman study has established the pK, of the N5 on
DHEF to be 6.5 when bound to ecDHFR in a ternary complex
with NADP* (Chen er al., 1994), whereas more recent Raman
difference spectra reveal that the Asp27 probably has a pK, of
below 5 and thus is charged, at least in the ground state (Chen
et al., 1997). This suggests that the kinetic pK, observed relates
to the protonation state of the bound ligand and not the Asp27
residue. Using computational approaches, various groups have
proposed different pathways of proton donation and different
ionization states for Asp27 and bound ligands (Bajorath et al.,
1991; Cannon et al., 1997; Chen et al., 1997; Greatbanks et al.,
1999).

In contrast to the -catalytic protonation mechanism,
evidence from X-ray crystallography, NMR and difference
spectra suggest that the N1 atom of MTX is protonated and
thus positively charged when bound to ecDHFR (Appleman et
al., 1988; Bolin et al., 1982; Cocco et al., 1981, 1983; Hood &

Roberts, 1978; London et al., 1986; Matthews et al., 1977; Ozaki
etal.,1981; Poe et al., 1972). The binding of MTX in the DHFR
active site is such that the N1 atom is within 2.6-2.7 A of
Asp27 O%, stemming from an orientation of the pteridine ring
which is flipped compared with folate and DHF binding, a
consequence of a 180° rotation about the C6—C9 bond. The
close proximity of N1 of MTX when bound to DHFR to the
Asp27 carboxylate group strongly suggests a hydrogen-
bonding interaction. This interaction is seemingly so favorable
that the N1 pK, increases from 5.7 for free MTX to >10 for
DHFR-bound MTX (Cocco et al., 1983) and is hypothesized to
be the reason that the dissociation constants for folate and
DHF for ecDHFR are so much higher than for MTX
(Appleman et al., 1988; Stone & Morrison, 1988). A recent
computational study proposes that Asp27 is protonated while
MTX is neutral while bound to ecDHFR; therefore, the
interaction is suggested to be dipole—dipole rather than ionic
(Cannon et al., 1997). Direct determination of hydrogen
positions within the active site of ecDHFR has not been
demonstrated and the lack of a consensus on ecDHFR'’s
mechanism of proton donation arises from the seemingly
simple and related question: what are the protonation states of
Asp27 and bound ligands in the ecDHFR active site?

Single-crystal diffraction by neutrons can reveal the posi-
tions of H atoms, especially the deuterium isotope, at
moderate resolution (2.5-2.0 A and beyond). These have
included studies on concanavalin A (ConA; Blakeley et al.,
2004; Habash et al., 1997, 2000), endothiapepsin (Cooper &
Myles, 2000; Coates et al., 2001), rubredoxin (Chatake et al.,
2004; Kurihara et al., 2004), xylose isomerase (Hanson et al.,
2004) and myoglobin (Ostermann et al., 2002; Shu et al., 2000).
Incoherent scattering of hydrogen gives rise to higher back-
ground in neutron diffraction experiments, which can be
overcome in part by H/D solvent exchange and more
completely by preparing perdeuterated material, which results
in a significant improvement in signal-to-noise ratio
(Schoenborn & Knott, 1996; Tuominen et al., 2004).

In order to identify hydrogen positions within the ecDHFR
active site and on bound methotrexate, we have produced
D,0-soaked ecDHFR-MTX crystals suitable for preliminary
neutron diffraction analysis and a partial data set has been
collected at room temperature at the Institut Laue-Langevin
(ILL). The completeness in individual resolution shells
dropped to below 50% between 3.11 and 3.48 A and the llo(I)
in individual shells dropped to below 2 at around 2.46 A.
However, reflections with I/o(I) greater than 2 were observed
bey(gnd these limits and some were observed as far out as
22 A.

2. Materials and methods

2.1. Expression, purification and crystallization of the
ecDHFR-MTX complex

ecDHFR was purified from the SK383 strain of Escherichia
coli (Zeig et al., 1978) that contains a pUCS8 plasmid encoding
the gene for expression of ecDHFR (Bystroff ez al., 1990). The
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SK383 E. coli strain was grown in Terrific Broth in the
presence of ampicillin. Expression of ecDHFR was constitu-
tive, not induced, and the cells were grown by shaking at
250 revmin~' at 310K for ~72h. The cells were then
harvested by centrifugation, flash-frozen in liquid nitrogen
and stored at 193 K until ready for purification. A complete
purification protocol can be found elsewhere (Poe et al., 1972;
Taira et al., 1987). Briefly, eccDHFR was purified using a two-
step procedure involving an MTX inhibitor affinity column
(Sigma Chemical Co., MO, USA) and a DEAE-Sephacel weak
anion-exchange column (Pharmacia, NJ, USA). After the
affinity column, ecDHFR is >90% pure. The ion-exchange
step removes folate, the competitive ligand used to elute
ecDHFR from the MTX affinity column. The yield of pure
ecDHFR is normally 12-15 mg per litre of TB media.

The protein was concentrated to 0.75-1.5 mg ml~' with an
Amicon YM10 membrane-filtration device (Millipore, MA,
USA) before adding the ligand. Because of its relative
insolubility at high concentrations, the MTX is added (as a
solid and at a fivefold molar ratio) while the protein is rela-
tively dilute. After a short incubation with MTX, ecDHFR was
then concentrated with a Centricon YM10 (Millipore, MA,
USA) device until the volume was one-tenth of the starting
volume. It was then rediluted back to the starting volume with
crystallization buffer [0.1 M Tris-HCI pH 7, 2 mM dithioery-
thritol (DTE) and a trace amount of MTX] and reconcen-
trated in the same manner. This step was repeated twice. To
generate large-volume DHFR crystals for neutron diffraction,
it is necessary to maximize crystal growth with minimal
nucleation points within the drop while using highly concen-
trated protein. To achieve this, we ultimately concentrated
ecDHFR to >50 mg ml~" and set up large drops at >50 pl total
volume in a modified sitting-drop format using optimized
precipitant and salt conditions. Moderate- to large-sized
crystals (a few grew to 1.4 x 1.0 x 0.3 mm) were grown at
277 K by mixing equal volumes (25 pl) of the protein complex
with the reservoir buffer, 0.1 M Na HEPES pH 7.5, 02 M
CaCl, and 18%(v/v) PEG 400 (optimized from a condition in
Hampton Crystal Screen No. 1, Hampton Research, CA,
USA,; Jancarik & Kim, 1991) on siliconized cover slips and
placing them on a Plexiglas support. Pyrex (Corning, NY,
USA) custard dishes were used as the reservoirs (40 ml total
volume of mother liquor) with the support sitting in the dish
and the whole apparatus was sealed by a thick circle of
Plexiglas, using vacuum grease (Dow Corning, MI, USA) to
finish the seal. Crystals appeared in 1 d and grew to full size in
about two weeks.

2.2. D,0O-soaking and harvesting of crystals for neutron
diffraction experiments

Several ecDHFR/MTX crystals were subjected to H/D
exchange prior to neutron data collection in order to reduce
the large hydrogen incoherent scattering contribution to the
background. To prevent ‘shocking’ the crystals, they were
H/D-exchanged conservatively against an increasing gradient
of D,O-based crystallization buffer [0.1 M Na HEPES pH 7.5

Table 1
Neutron diffraction data statistics for ecDHFR-MTX.

Obtained at the Institut Laue-Langevin (ILL) neutron source. Values in
parentheses are for the highest resolution shell.

Instrument R LADI
Wavelength range used (quasi-Laue) (A) 2.80-3.70
Resolution range (A) 25.0-2.20 (2.32-2.20)

Space group P6,

a=90.93,b=90.93, c= 7236,
a =90, B =90,y =120
17091 (1302)

Unit-cell parameters (A, °)

Total measured reflections

Total unique reflections 7511 (824)
Completeness (%) 43.9 (33.3)
Multiplicity 23 (1.6)
lio(I) 2.6 (2.0)
Mean I/o(I) 4.3 (3.0)
Ruerget (%) 206 (26.4)

T Rumerge = Dk 2o M (RED) — Ty /3 32 IChKT).

Table 2

Data-reduction statistics (calculated using SCALA).

dmin Posst CumPoss¥

(A) Rimerge Reum  Ilo(I) Mn(l)/sd (%) (%) Multiplicity
6.96 0.160  0.160 4.0 6.5 853 853 33
4.92 0.186 0.175 3.7 6.3 841 845 3.5
4.02 0.193  0.182 35 5.8 781  81.6 32
3.48 0.198 0.185 3.6 4.6 60.6 743 2.5
3.11 0.195 0.185 3.6 3.7 458  66.2 1.9
2.84 0.198 0.186 3.6 3.4 331 583 1.7
2.63 0218 0.188 3.1 32 300 524 1.5
2.46 0261 0.193 1.9 3.1 302 484 1.6
2.32 0.261 0.199 24 31 316 457 1.7
2.20 0.264 0206 2.0 3.0 333 439 1.6
Overall 0.206 2.6 43 439 439 23

+ Poss is the data completeness for the individual resolution shell. % CumPoss is the
cumulative completeness for the data set.

from a 1 M buffer stock made with D,0O, 0.2 M solid CaCl, and
18% (v/v) PEG 400, all components dissolved in D,O] over the
course of one week (i.e. from an initial ratio of 10% D,0/90%
H,O, the D,0% concentration was doubled every other day
until 90-100% D,O content was achieved). After one month,
the crystals were mounted into custom-prepared quartz
capillaries with a 2.9 mm outer diameter (Vitrocom, Inc., NJ,
USA) with a D,O ‘plug’ at one end, sealed at both ends with
epoxy and paraffin wax and stored securely in a sealed 50 ml
Falcon tube at 277 K for transport and for storage until data
collection. The crystal mounting was performed in a D,0O-
saturated environment: a tent was erected in a 277 K room
with N,-purged D,O pumped into the tent to prevent back-
exchange of crystal and buffer *H atoms with 'H in H,O vapor
in the environment. The dimensions of the crystal used for
neutron data collection were 1.4 x 1.0 x 0.3 mm. Owing to the
hexagonal external morphology of these crystals (i.e. they are
not a perfect cubic shape), we estimate the volume of this
crystal to be 0.3 mm”>.

2.3. Neutron diffraction studies

The D,O-soaked ecDHFR/MTX crystal was tested for
neutron diffraction on the quasi-Laue LADI instrument
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r=35 A, dr/a ~ 25%) at the ILL (Grenoble, France). This
diffractometer uses a cylindrical neutron image-plate detector
which completely surrounds the sample (Cipriani et al., 1996;
Myles et al., 1998). LADI has been utilized for a number of
successful protein neutron diffraction experiments (Habash et
al., 1997, 2000; Niimura et al., 1997; Cooper & Myles, 2000;
Coates et al., 2001; Blakeley et al., 2004). The ecDHFR-MTX
crystal was exposed for 34 h per frame and a total of 21 frames
were collected at two different crystal orientations. The ¢
separation between frames was typically 8°. All data were
collected at 293 K. The data were indexed and integrated
using the program LAUEGEN (Campbell et al., 1998), which
has been modified to account for the cylindrical geometry of
the detector. The program LSCALE (Arzt et al., 1999) was
used to derive the wavelength-normalization curve using the
intensity of symmetry-equivalent reflections measured at
different wavelengths. The data were then scaled using the
SCALA program within the CCP4 suite (Collaborative
Computational Project, Number 4, 1994). A summary of the
data-collection and scaling statistics is provided in Tables 1
and 2.

3. Results

We have collected a preliminary neutron diffraction data set in
order to identify H-atom positions within the ecDHFR active-
site residues, on the bound ligand MTX and of solvent
molecules. Using ultrahigh-resolution X-ray diffraction at
cryogenic temperatures (110 K or lower), highly precise
macromolecular structures can be solved to atomic detail.
However, H atoms only scatter X-rays weakly, causing ambi-
guities to arise upon inspection of electron-density maps for
hydrogen peaks. Neutron diffraction can resolve this ambi-
guity, allowing precise positions of H (or D) atoms to be
determined. However, to overcome limitations arising from
the inherent low flux of the available neutron beams, crystal
volumes of >1 mm” are usually required for adequate neutron
diffraction and this makes the method quite prohibitive for

Figure 1

many systems. The signal-to-noise ratio of the data can be
improved by exchanging deuterium for hydrogen in the
sample either by (i) growing or soaking the crystal in D,O-
based buffer (deuteration at chemically exchangeable posi-
tions) or (ii) forcing the expression organism (i.e. E. coli) to
incorporate deuterated amino acids into the target protein at
the biosynthetic level (deuteration at chemically non-
exchangeable positions or perdeuteration). We report here
initial neutron diffraction results from a D,0O-soaked
ecDHFR-MTX crystal.

3.1. Preliminary neutron diffraction studies of D,O-soaked
ecDHFR-MTX crystals

The D,O-soaked ecDHFR-MTX crystal diffracted
neutrons to 2.2 A resolution at room temperature on the
LADI instrument at the ILL (Fig. 1). In the available beam
time, we collected a partial data set in which the completeness
within individual resolution shells dropped below 50%
between 3.11 and 3.48 A and the I/o(I) dropped below 2.0
around 2.46 A. Reflections with llo(I) > 2 were observed
beyond these limits and the cumulative completeness of the
data set is 44% at 2.2 A (Table 1). The ecDHFR-MTX crystal
belongs to a high-symmetry space group (P6;); consequently,
our strategy involved collecting 13 images in 8° steps about the
spindle rotation axis at one crystal setting and eight images at
a second crystal orientation separated by a tilt of 20° in ¢, so
as to record reflections in the ‘blind zone’. The LADI
instrument uses a limited quasi-Laue band pass (dA/A =~ 25%,
A =35 A) to maximize the flux at the sample. As a result,
reflections that are stimulated at the extremes of the wave-
length range are significantly weaker than those recorded at
the peak incident spectrum (Fig. 2). Scale factors of up to 5
were required to normalize these reflections. The effective
coverage of reciprocal space in each Laue diffraction pattern
is dependent upon the wavelength range of neutrons in the
incident spectrum that give rise to significantly recorded
reflections. Thus, effective coverage is also sample-dependent.
Clearly, for small weakly scattering crystals the effective

(@) Quasi-Laue neutron diffraction image from a 0.3 mm® D,0-soaked DHFR-MTX crystal. (a) Laue diffraction pattern after a 34 h exposure. The
highest resolution reflections extend to 2.2 A. (b) A magnified section of the diffraction pattern containing reflections at ~2.5 A. (¢) The dimensions of

the D,0-soaked crystal are 1.4 x 1.0 x 0.3 mm or 0.3 mm”.
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Figure 2

Wavelength-normalization curve determined by LSCALE (Arzt et al.,
1999). The x axis is the neutron wavelength used for diffraction. The y
axis is an arbitrary scale for normalization and thus is dimensionless. The
peak wavelength occurs at ~3.3 A and the intensity falls off towards
either extreme of the graph at 2.8 and 3.7 A, respectively.

experimental wavelength range used can be narrow and the ¢
rotation angle between images should be reduced accordingly
to ensure that the ‘recorded’ regions of reciprocal space are
truly contiguous.

4. Discussion

To our knowledge, the primitive unit-cell volume of the
ecDHFR crystal (52 x 10° A%) is one of the largest so far
investigated by high-resolution neutron crystallography. The
ability to collect neutron diffraction data from a small H/D
solvent-exchanged crystal that is only 0.3 mm® in volume is a
consequence of the highly ordered lattice of the ecDHFR-
MTX crystal. The solvent content of this crystal form is only
345% and we have been able to collect an ultrahigh-
resolution X-ray data set from a native (H only) crystal.
However, the relatively large unit-cell parameters of our
crystal form (a = b = 90.93, ¢ = 72.36 A) combined with the
broad wavelength band pass utilized (dA/A =25%) led to some
spatially overlapped neutron reflections at higher resolution.
The loss of these reflections contributes to the low data
completeness, especially in the higher resolution shells.
Owing to the reduced data completeness, it is questionable
whether D atoms can be modeled into the neutron density
maps, even with the inclusion of the data that extend beyond
the normal limit of around 3.1-3.4 to 2.2 A. Previously, a
neutron analysis of ConA at a similar resolution (2.75 A)
revealed that some H/D atoms could be modeled with confi-
dence (Habash et al., 1997). More recently, the same group has
collected neutron diffraction data on D,0O-soaked ConA that
extends the resolution to 2.4 1&; the authors attribute this
improvement only to the H/D-exchange method and the
longer duration for which the crystal was soaked in D,O prior
to neutron data collection (Habash et al., 2000). The ConA
data set to 2.75 A was 75.5% complete; the ecDHFR-MTX
data set extends to higher resolution but possesses much lower
overall completeness (44% to 2.2 A, 58% to 2.84 A). There-

fore, we are pursuing several strategies to overcome this
problem.

Firstly, we are preparing fully deuterated DHFR protein
and optimizing the growth of large-volume perdeuterated
ecDHFR-MTX crystals for future neutron diffraction studies.
The improved signal-to-noise ratio of neutron data collected
from perdeuterated protein crystals (Shu et al, 2000) will
allow us to collect more complete and higher resolution data,
even from comparably sized crystals. In order to reduce the
density of reflections and the number of spatial overlaps on
the LADI cylindrical detector, we will consider using a
narrower wavelength band pass filter (dA/A = 15%) and longer
wavelength neutrons centered at A = 3.85 A for data collec-
tion. Whilst this strategy doubles the number of data frames
required, the narrower dA/A bandpass will reduce the experi-
mental background and the use of perdeuterated crystals will
deliver significant improvement in the signal-to-noise ratio of
the data. Currently, we are analyzing the neutron density maps
and performing subsequent rounds of structure refinement.
The identification of enzyme and ligand protonation states as
well as analysis of the H/D-exchange patterns will help deduce
the catalytic mechanism and the inherent flexibility of
ecDHFR, a catalytically efficient and well evolved enzyme
(Fierke, Kuchta e al., 1987) that is considered to be the
‘progenitor’ oxidoreductase (Kraut & Matthews, 1987).
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