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SUMMARY

By using fully ’N- and ""N/"*C-labeled Escherichia coli dihydrofolate reductase, the sequence-specific 'H
and N NMR assignments were achieved for 95% of the backbone resonances and for 90% of the *C*
resonances in the binary folate complex. These assignments were made through a variety of three-dimension-
al proton-detected N and "C experiments. A smaller but significant subset of side-chain 'H and *C
assignments were also determined. In this complex, only one ®N or *C resonance was detected per *N or *C
protein nucleus, which indicated a single conformation. Proton-detected *C experiments were also per-
formed with unlabeled DHFR, complexed with *C-7/**C-9 folate to probe for multiple conformations of the
substrate in its binary complex. As was found for the protein resonances, only a single bound resonance
cotresponding to a productive conformation could be detected for C-7. These results are consistent with an
earlier report based on "H NMR data [Falzone, C.J. et al. (1990) Biochemistry, 29, 9667-9677] and suggest
that the E. coli enzyme is not involved in any catalytically unproductive binding modes in the binary
complex. This feature of the E. coli enzyme seems to be unique among the bacterial forms of DHFR that
have been studied to date.

INTRODUCTION

Dihydrofolate reductase (5,6,7,8-tetrahydrofolate: NADP™ oxidoreductase, EC 1.5.1.3;
DHFR) catalyzes the NADPH-dependent reduction of 7,8-dihydrofolate (H,F) to form 5,6,7,8-
tetrahydrofolate (H,F). Tetrahydrofolate is an important cofactor in the biosynthesis of purines
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and amino acids; consequently, DHFR is a target enzyme for the chemotherapeutic agent metho-
trexate and the antibacterial compounds trimethoprim and pyrimethamine. It is a monomeric
protein with a molecular weight of 18 kDa and it has no prosthetic groups. A large body of
information is available on this protein, including its kinetic scheme (Fierke et al., 1987) as well
as several crystal structures (Bystroff and Kraut, 1991), but the enzyme displays unusual proper-
ties in solution that are of interest and amenable to study by NMR techniques. Of particular
interest are various dynamic processes, e.g., the slow interconversion of protein isomers in the
methotrexate (MTX) complex (Falzone et al., 1991), and the conformational fluctuations of a
flexible loop in the apoprotein (Li et al.,, 1992). In order to characterize fully these dynamic
processes and to investigate the dynamics and binding modes of substrates and inhibitors, as
complete a set of 'H, *N and *C NMR assignments as possible is needed. This information will
also allow for a detailed description of how the binding of substrates and inhibitors influences the
backbone dynamics in this protein.

There are two main consequences of the dynamic processes in DHFR. First, owing to the short
T, relaxation times, the 'H linewidths are relatively large. This causes severe overlap problems in
purely homonuclear spectra and thus makes unambiguous 'H assignments impossible in many
cases. By combining the larger chemical shift dispersion of *C, °N, or both, with the improved
resolving power of 3D NMR methods, much of the spectral overlap and degeneracy observed in
purely 2D homonuclear spectra is removed. Second, for most experiments, the short relaxation
times are also responsible for lower sensitivity; this arises from the decay of magnetization during
the pulse sequence prior to acquisition of the signal. By using an isotopically labeled sample, it is
possible to mediate coherence transfer through the relatively large 'H-"°N, '"H-"*C, "N-"C and
BC-BC scalar couplings. The increased sensitivity of such experiments, compared to those relying
solely on transfer through the smaller 'H-"H coupling, can be significant. Consequently, the use
of 3D heteronuclear NMR methods are essential for assigning the spectra of DHFR, providing
not only higher sensitivity in some cases, but alleviating considerable resonance congestion. 3D
N NOESY-HSQC, 3D “N TOCSY-HSQC and 3D HCCH-COSY (Ikura et al., 1991), HCCH-
TOCSY (Bax et al., 1990a), *C NOESY-HSQC and HN(CO)CA (Bax and Ikura, 1991) experi-
ments were therefore performed and analyzed for the DHFR—folate complex.

Several reports have indicated that folate may bind in two conformations to wild-type Lactoba-
cillus casei DHFR: one that is productive and similar to the conformation in the E. coli X-ray
crystal structure and another which is unproductive and similar to the MTX conformation in
solution (Birdsall et al., 1989) or in the solid-state structure (Bolin et al., 1982). We have previous-
ly reported (Falzone et al., 1990) that H7 on the pterin ring of folate is found in a single
conformation in solution. This conclusion relied on NOEs between H7 and the protein matrix
(Ile® and Ile’*); the corresponding conformation was found to be a productive one. In contrast, E.
coli DHFR shows two distinct conformations of both the protein and the inhibitor in the binary

Abbreviations: COSY, correlated spectroscopy; 2D, 3D, two-, three-dimensional; DHFR, dihydrofolate reductase; DTT,
dithiothreitol; HCCH-COSY, 3D 'H-®C-*C-'H correlation spectroscopy through 'J.¢ couplings; HCCH-TOCSY, 3D
'H-1*C-®C-'H correlation spectroscopy through isotropic mixing of *C magnetization; H,F, 7,8-dihydrofolate; H,F,
5,6,7,8-tetrahydrofolate; HN(CO)CA, 3D triple-resonance NH-C® correlation spectroscopy; HSQC, heteronuclear single-
quantum spectroscopy; MTX, methotrexate; NOE, nuclear Overhauser effect; NOESY, two-dimensional proton nuclear
Overhauser spectroscopy; 2QF-COSY, double-quantum-filtered COSY; TMP, trimethoprim; TOCSY, total correlation
spectroscopy.
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MTX complex (Falzone et al., 1991). This result was consistent with the binding of MTX (and not
folate) to two conformers of the enzyme (E,/E,); these conformers were revealed by the biphasic
quenching of the intrinsic enzyme fluorescence (Cayley et al., 1981). Interestingly, both human
and L. casei DHFR show only a single bound form for the inhibitor and show no splitting of
protein resonances (Carr et al., 1991; Stockman et al., 1992). In order to determine whether there
are multiple enzyme conformations in solution for the E. coli DHFR~folate complex and to
provide a more complete set of resonance assignments (‘H, *N and "*C), proton-detected 2D and
3D experiments were performed with uniformly labeled *N and *N/**C protein. To examine the
potential for multiple conformations of the folate pteridine, ‘H-">C 2D HSQC-NOESY experi-
ments were acquired using a *C-7/"*C-9-labeled folate.

MATERIALS AND METHODS

Protein preparation and purification

A synthetic DHFR gene which overproduced protein using a modified lac promoter was
constructed in the laboratory of one of us (C.R.M.) by Dr. Masa Iwakura (Iwakura and Tanaka,
1992). After transformation of the cell line NCM-533 by this plasmid, overproduction was
checked in minimal media without isotopic label. Significantly better yields were obtained by
using trimethoprim (TMP) in the culture mixture (10 mg/l), but a modified purification scheme
was needed with this inhibitor present (see below). ’N- and "N/**C-labeled DHFR were pre-
pared by using *’NH,Cl and "NH,CI and ®C-glucose, respectively, in a minimal medium. The
minimal medium contained per liter: 6 g Na,HPO,, 3 g KH,PO,, 1 g "NH,C], 0.5 g NaCl, 0.24 g
MgSO,, 2 g *C-glucose, 11 mg CaCl,, 50 mg ampicillin, 50 mg kanamycin, 10 mg TMP and
200 mg thiamine. Two starter cultures were made which contained '"NH,Cl and "NH,CI/"*C-
glucose, respectively. After an overnight growth, DHFR production was confirmed by using
SDS-PAGE. The two 2-1 flasks containing 11 of minimal-*"NH,C] and minimal-'*NH,CI/**C
media were inoculated from the two respective 10-ml starting cultures; cells were harvested by
centrifugation after a 14-h cell growth.

Protein purification

The protein purification was carried out as reported previously up to the MTX affinity column
step (Baccanari et al., 1977; Falzone et al., 1990). The presence of TMP in the cell cultures
inhibited complete DHFR binding to the MTX affinity column. This necessitated two rounds of
batch binding of the protein solution to MTX resin. After 90% ammonium sulfate precipitation,
the protein was taken up in ca. 10-15 ml of 50 mM phosphate buffer (pH 6) and 15-20 m] of
MTX resin was introduced into a disposable 50 ml centrifuge tube. The mixture was allowed to
agitate on a nutation device for 12 h at room temperature and overnight in the cold room. After
the first batch-binding step, activity was detected in the supernatant even after the addition of
freshly prepared MTX resin. A column was poured and the first 250 ml of wash was collected and
concentrated to about 20 ml, using an Amicon concentrator with a YM3 membrane. This efflu-
ent, which contained active protein (by assay and by 12% SDS-PAGE), was cycled through a
second round of batch binding with the MTX resin. DHFR was eluted from the affinity column
after a high salt/high pH (1 M KCI pH 9.0) wash, using 2 mM folate in the same buffer.
Nucleotides and folate were removed in the usual fashion using a DEAE-Sephace] ion-exchange
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column. The protein was stored as the ammonium sulfate precipitate until use. Protein obtained
in the second round of MTX resin binding was combined with the protein from the first round.

Sample preparation

The protein was spun down in an SS-34 rotor at 10 000 rpm for 30 min. After dissolving the
protein in 4 ml of 25 mM phosphate buffer (pH 6.80, containing 0.5 mM EDTA and 0.5 mM
DTT), the solution was dialyzed twice against 2 1 of the same buffer for 12 h. The final dialysis
was performed against 3 mM phosphate (pH 6.80, 0.025 mM DTT) over argon. Both the N and
the ’N/1*C proteins were lyophilized and stored over argon at 4 °C until preparation of the NMR
samples. Lyophilized proteins were dissolved in either 0.35 ml of 99.96% *H,0, 100 mM KCl or
95% H,0/5% *H,0, 100 mM KCl with the final volumes being 0.45 ml. Unlabeled folic acid (J.T.
Baker), which was purified before use, was added in a 1:1.3 ratio for all samples. *C-7/1*C-9-
labeled folic acid was prepared as previously reported (Cowart et al., 1994) and was added to
uniabeled DHFR in a 1:1.3 ratio. Final protein concentrations for the NMR experiments were 1.2
mM for the *N/**C sample, 2 mM for the N sample and 3 mM for the unlabeled DHFR sample.
The pH of the protein solutions was 6.80  0.1; meter readings were not corrected for isotope
effects.

NMR measurements

Two-dimensional 'H-"*C HSQC and HSQC-NOESY experiments were collected on the *C-7/
13C-9-labeled folate-DHFR sample with pulse sequences described previously (Bax et al., 1990b;
Norwood et al., 1990). The spectral widths in F, and F, were 7042 Hz (*H) and 11363 Hz (**C),
respectively; 4096 real points were collected in F, with the carrier placed on the residual *H'HO
resonance. The *C carrier was chosen to prevent folding of undesired resonances into the *C-7
frequency, but was moved near the *C-7 resonance for WALTZ-16 decoupling (Shaka et al.,
1983) during acquisition. A total of 320 increments was collected in the F, dimension and
quadrature detection was achieved using TPPI (Drobny et al., 1979; Marion and Wiithrich,
1983). After zero-filling, multiplication with an exponential window (5-8 Hz) in ®, and shifted
Kaiser window or a Gaussian window in ®, and Fourier transformation, the resulting matrix
consisted of 2K x 1K complex points.

The HCCH-TOCSY (Bax et al., 1990a) and constant-time HCCH-COSY (Ikura et al., 1991)
experiments were collected as previously described, with the exception that a DIPSI-2 pulse train
(Shaka et al., 1988) was applied for the TOCSY mixing and the 180° carbonyl pulse centered in
the t, period was on-resonance. The "H carrier was placed at 2.26 ppm and the *C carrier at 41.4
ppm. For the HCCH-TOCSY experiment, the DIPSI-2 mixing period was 22 ms and the field
strength was 10.9 kHz. These spectra were recorded in H,O at 298 K; the HN(CO)CA and the
"N data were collected using 95% 'H,0/5% *H,0 at 303 K with a Bruker AMX 500 spectrometer.
States (States et al., 1982) or TPPI-States (Marion et al., 1989b) methods were used to achieve
quadrature detection in the F, and F, dimensions and the heteronuclei were decoupled during
acquisition with a GARP-1 pulse train (Shaka et al., 1985). The t,, t, and t; data matrix consisted
of 512, 32 and 128 complex points with spectral widths of 12 500, 5684 and 4000 Hz, respectively.
The HNCOCA spectrum was acquired using the pulse sequence of Bax and Ikura (1991) with
spectral widths in the F, (‘H), F, (*C% and F, (**N) dimensions of 6757, 3017 and 1550 Hz,
respectively; the data matrix before zero-filling was composed of 512, 64 and 32 complex points,
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respectively. The three channels of the spectrometer were used for 'H, "N and "*C“ pulses; a
home-built fourth channel was added to the AMX console to generate carbonyl pulses. The
GARP-1 pulse train was applied for ’N decoupling during acquisition. Carrier frequencies were
set at 8.09 ppm (‘H), 118 ppm (**N), 177 ppm (C") and 58 ppm (C%).

The 3D N NOESY-HSQC (100 ms mixing time) and "N TOCSY-HSQC (37 ms mixing time)
spectra were collected using spectral widths of 4000 Hz for 'H in the F; dimension, 2000 Hz for
>N in the F, dimension, and 7000 Hz for 'H in the F, dimension and the respective data matrices
consisted of 512 x 32 x 128 complex points; the corresponding carrier frequencies were set at
8.09, 118 and 4.76 ppm. The 'H frequency was referenced to the H'HO line at 4.76 ppm at 298
K and 4.73 ppm at 303 K. The N and "*C chemical shifts were referenced indirectly to liquid
NH, and TMS using the "N/'H frequency ratio (Live et al., 1984) or the *C/'H frequency ratio
(Bax and Subramanian, 1986).

RESULTS AND DISCUSSION

Resonance assignments

We had previously made assignments of the amino acid side chains in hydrophobic clusters by
using the X-ray crystal structure (Falzone et al., 1990). The current set of assignments of the
aliphatic amino acids confirms those earlier 'H assignments. Of the 148 expected (’N-'"H) amide
resonances, 141 are observed in the 'H-'>N HSQC spectrum of the uniformly labeled E. coli
DHFR in the folate complex at pH 6.8 (Fig. 1). This is a significant improvement over the 'H
2QF-COSY spectrum, which showed about 60% of the expected C*H-NH cross peaks in the
fingerprint region. This difference is most likely due to the mutual cancellation of antiphase
multiplet components in the 2QF-COSY cross peaks, caused by linewidths which are on the order
of the active scalar coupling. The cross peaks in the HSQC spectrum are purely in-phase in both
dimensions. Identification of the amino acid side-chain spin systems was made most readily by
combining the results from the HCCH-COSY and HCCH-TOCSY experiments with those from
the 3D "N TOCSY-HSQC experiment. In the HCCH-TOCSY spectra, complete transfer within
the side-chain spin system was often detected at each "’C frequency of the residue. For example,
Fig. 2 presents a slice ("*C = 19.5 ppm) of the HCCH-TOCSY experiment that shows the correla-
tion of various methyl resonances with the rest of their side chains for Leu®, Val®’, Leu®, Val™,
Val”, val™®, Val®, Val”®, Val”, Leu''?, Thr'"® and Thr'?. The **N 3D TOCSY-HSQC experiment
correlated almost all of the amide resonances with the o-protons and many of the B-protons.
Figure 3 contains a slice (°’N = 121.9 ppm) taken from this experiment, illustrating the amide
correlations for residues Leu®, Ala’, Leu®, Asp'!, Ala', Leu®, Val®, Ile*, Ile®, Ala®', Met*,
Ala', Tyr'!!, Val'?, His'* and Ala'*. Although the 3D "N TOCSY-HSQC experiment rarely
provided complete correlation of side chains, the combination of *C with the "N data sets
allowed assignment of most of the side-chain resonances.

Despite the increased sensitivity in both the *C and N proton-detected experiments, a
number of B-methylene carbon and proton assignments could not be made. This is particularly
obvious for isoleucine and leucine side chains, where correlation of the C*H could be made at the
13C-methyl frequencies without the corresponding C*H, displaying detectable cross peaks in the
HCCH-TOCSY experiment. For example, Fig. 2 shows a plane in the methyl region from the
HCCH-TOCSY experiment where three leucine spin systems are found (residues 28, 54 and 112);
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Fig. 1. 2D 'H-"N HSQC spectrum of uniformly "N-labeled DHFR in its folate complex, recorded at 500 MHz (‘H),
pH 6.8, ca. 50 mM phosphate, 100 mM KCl in 95% H,0/5% *H,0, 303 K. The assignments indicated in this figure were
obtained using methods discussed in the Results and Discussion section. Horizontal lines are drawn for two NH, groups
from asparagine and glutamine residues for purposes of clarification. Also indicated (as HNE) are some of the folded N°H
resonances of arginine side chains.

all three of these spin systems do not readily show correlation to their B-methylene protons.
Correlation of the C*H, can be made at the chemical shift of the *C® for Leu (and at the *CP
plane). One of the CPH of Leu'? may be assigned, but the *C assignment for the -methylene
remains undetected. Leu® is missing both its proton and carbon assignments for the methylene
group. Apparently, the large linewidths and hence, the relatively fast 'H and !*C relaxation rates,
prevent facile assignment of the entire side chain for many residues in DHFR, using one of the
most powerful proton-detected experiments.

The enhanced sensitivity of the 3D "N NOESY-HSQC enabled the sequential assignment of a
considerable fraction of the backbone (Wiithrich, 1986; Clore and Gronenborn, 1989). For
example, Fig. 4 displays a series of NH strips for residues 26-40, taken from various "*N frequen-
cies in the 3D NOESY-HSQC experiment; N;N;; . ;, NOEs are observed for residues 26-36 which
comprise the oB helix (24-35) and the o;Nj; . , for residues 3640 (the BB strand). For residue (i),
intraresidue NH-C*H NOEs are shown inside a box and the (i + 1) NOEs are shown in the
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Fig. 2. Plane (8"*C = 19.5 ppm) from the 3D HCCH-TOCSY spectrum, showing the correlation of various methyl proton
resonances with the other side-chain proton resonances. This experiment provided correlation of most of the amino
side-chain protons with their respective C*H resonances.

adjacent strip for residues of the BB strand. Residue 39 is a proline and thus is not shown. In the
oB helix, the C*H;-NHj; . ;, NOEs typical of this secondary structure are also observed. One of the
problems associated with the NOE-based assignment method is readily apparent in Fig. 4: the
degeneracy or near-degeneracy of resonances can lead to several ambiguities in the assignments.
Thus, a single NH-NH cross peak is observed for the o-helical Ala*, Asn* and Thr*. For Ala®,
the problem arises from the near-equivalence of the amide resonances of Leu? (7.65 ppm) and
Trp* (7.59 ppm). Similarly, Asn* and Thr* have their respective amide resonances at 7.19 and
7.14 ppm. Thus, the HN(CO)CA experiment (based on the large backbone heteronuclear
coupling) removes the ambiguity in these cases, where overlapped resonances preclude positive
assignment. Figure 5 summarizes the detected sequential and medium-range NOE connectivities
as well as the amide exchange rates for the DHFR—folate complex.

A single triple-resonance experiment (HN(CO)CA), which correlates backbone resonances via
J-coupling rather than relying on the detection of sequential NOEs, was performed. In this
experiment, a cross peak in the 3D matrix is generated at the ’N-"H(i) amide frequency and the
C* frequency of residue (i — 1) by virtue of the common coupling of °N; and C%_, to the interven-
ing carbonyl (i — 1). The HN(CO)CA experiment, which detected 135 of the expected 149 N;-to-
C%_, cross peaks, verified the earlier sequential assignments and filled in missing segments of the
backbone. Figure 6 shows a slice (**C = 53.6 ppm) from the HN(CO)CA experiment. Thus, by
combining the sequential backbone NOE-based assignment method and the triple-resonance
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Fig. 3. Plane from the 3D N TOCSY-HSQC spectrum (*N = 121.9 ppm), showing the correlations from the backbone
amide resonances to their corresponding C*H and CPH resonances.

experiment, 95% of the "NH amide resonances and 90% of the *C* were assigned (Table 1).
Figure 5 shows the residues that were sequentially assigned using the HN(CO)CA experiment and
the difference in the *C* resonance frequencies (A8) from the random coil values.

Secondary structure

Figure 5 presents the sequential and medium-range NOEs observed for the DHFR-folate
complex. From these, as well as the pattern of slowly exchanging amide resonances and the
observed long-range NOEs, it is possible to describe elements of the secondary structure of this
binary complex. o-Helices should show a specific pattern of NOEs, typical of this secondary
structure; these NOEs include N;N;, ,, &N;, ; and o;N, ., ,. Based on these criteria, Ala% would be
the initial residue and Thr* the last residue of the oB helix. Leu®* may be the initial residue in this
helix (an o;N; , , NOE is observed), with a proline in position 2, as described in the X-ray crystal
structure (Bolin et al., 1982). However, the ;N . ; NOEs for Ala?*-Ala® and Asp*’-Trp*® are not
detected, which may be an indication of some flexibility for the residues at the start of this helix.
Except for some possible differences at the Leu* and Pro® positions, the NOEs are consistent
with the X-ray structure for this helix. The next helix, aC, is less well defined in terms of NOEs,
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but the NN, .. | stretch of seven residues is consistent with a short a-helical segment. The oE helix
shows the typical NOEs from Val™ to Cys®, corresponding to the crystal structure designation.
The oF helix is better defined, with both ;N , ; NOEs and o;N; , , NOEs observed from Arg® to
Pro'®; the initial residue may be Gly”’, but it is unassigned in this study. A useful indicator of
secondary structure is the C* secondary shift (Ad) (Spera and Bax, 1991), which clearly reveals the
positions of the a-helices in DHFR. For the four helices, generally a positive shift from their
random coil values for the C* chemical shifts is observed (Fig. 5), consistent with an o-helical
geometry for these residues. Coupling constant data, which would potentially define the back-
bone ¢ and y angles, is not available to confirm the backbone geometry for these o-helices.

The B-strands are characterized by strong N, . ; NOEs, slowly exchanging amide resonances,
*Tnmom cOupling constants greater than 8 Hz (not available), and interstrand long-range NOEs.
Except for specific regions and at specific positions, we generally observe strong sequential NOEs
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Fig. 4. Strip plots of amide resonances from several planes of the 3D "N NOESY-HSQC spectrum, showing the sequential
and long-range NOEs observed for residues 26-40. Residue 39 is a proline. The intraresidue NH-to-C*H NOEs are
designated with a box. These residues cover the oB helix (24—35) and the BB strand (36-40). Note the NiN; , ;, NOEs in
the helix and the 0Ny + ;, NOEs from residues 36-40. Val** shows an NOE to Pro* C*H at 5.07 ppm. The sequential NOEs
from 29 to 28 and 29 to 30 are not observed, because of the near-degeneracy of the NH resonances of Leu* (7.65 ppm) and
Trp® (7.59 ppm). Likewise, the sequential N;N;; . ;, NOE from Asn* (7.19 ppm) to Thr* (7.14 ppm) is not seen.




358

[E XX ) [ ] L ® o
10 20 30 40
MISLIAALAVDRVIGMENAMPWNLPADLAWFKRNTLDKPV .
ANNG, 1) — O [ ]
doNg.ist) [ S C ] 1 C— ——3 43 o |
g,y 3 O T3 O O [ 13
GG, i+3) _—
NG, i+2) - T T e
o i+3) T
HNCOCA = T /= « e
+4
ABCappm) B [ L it e e
. A= A== = —T
4-[——]3A~——— S o8 ——BB:LI
[ XX 3 [ 3L J 50 6.0.. 70 [ ] 80
IMGRHTWESIGRPLPGRKNIILSSQPGTDDRVTWVKSVDE
AnNg, i1y —— OO Ooc3
daNg.iey 3 0 — [ C— @
NGy O Od 313 (| 14
daN(i,uS) - -
daN(i,uZ) T -
daB(i, i+3) - —_
HNCOCA 41____1 C—————— O T O e —
N T
Aii’:ca(ppm) !lj_:'—l WL{_DFU_L}': u Wﬂh
-4
— oC— —pC— -BD-  —aE
L ] 9..... 1 L L ] .110000. 120
ATAACGDVPEIMVIGGGRVYEEFLPKAQKLYLTHIDAEVE
ANNG, is1) | — 40 —— 1 oo
dong is1) O — 0o C—3 =
dﬁN(i,M) ——1 S I S S ) O R S—| | —
d(xN(i,hG) _ T
NG, i+2) It - -
B, i+3) ——
O o = B == 3 =
Alse — M
a(ppm).dl x_u l—r:]:J—-—L-l U =T TR
—aE —BE—— aF - BF
130 . 140 ® ¢ 00 o000
GDTHFPDYEPDDWESVFSEFHDADAQNSHSYCFKILERR
ANNg, i) O = O sl
d(XN(i,M) o I e [ I |y | | A—— O A |
dNg, ieny 0O DQOC-—JCarCg I 3.
d0(N(i,i1r3)
d(!N(i,i+2) -
dof, iva)
HNCOCA = e ] — — = ¢ = c —
A"‘Ca(ppm)dl_ _:.,u [‘“Q—L_l_u — Lj_m—- e N B e LJ_LUF—M
’ — BG — pH—

Fig. 5. Summary of the sequential and medium-range NOEs, the slowly exchanging amide protons, the sequential
connectivity obtained with the HN(CO)CA experiment, and the difference of the C* chemical shifts from the random coil
values observed for the E. coli DHFR—folate complex. The solid circles indicate the amide proton resonances which could
be detected in a "H-""N HSQC experiment after 30 h in 2H,0 at 303 K. '*C* secondary shifis are based on values given by
Spera and Bax (1991), with an adjustment of 2 ppm made for referencing differences. The designation of the a-helives and

the B-strands follows the nomenclature used in the X-ray crystal structure (Bolin et al., 1982), where the first o-helix is o.B
as it is after BA in the primary structure.
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Fig. 6. Plane (**C = 53.6 ppm) from the HN(CO)CA spectrum, showing several of the sequential connectivities. This is not
the optimal level for all connectivities shown.

for the residues involved in the B-sheet, as laid out in the X-ray crystal structure (Bolin et al., 1982;
Bystroff and Kraut, 1991). For example, Fig. 4 shows the intensity of the N, , ; NOEs for the B
strand, a short strand in the eight-stranded B-sheet of DHFR. Both the NH of Leu® and Val®
show strong NOEs to the i — 1 oH resonance. Lys*® shows the sequential NOE from its amide
resonance to Asp’’, but it is weak. However, the intraresidue NH-oH NOE is missing for Lys®,
perhaps indicating some inherent intensity loss for this resonance. Generally, it has been observed
for the B-strands of DHFR that the intensity of the o;N; . ; NOEs diminishes as the conformation
of the protein changes from the regular extended p-conformation to that of a more irregular loop.
In the example of the switch from an o-helix to a B-strand (B helix to BB strand), as is seen in
Fig. 4, the change from N;N;,, to strong o;N,.; NOEs is immediate. Also, the long-range
interstrand NOEs are consistent with the eight-stranded B-sheet topology found in the solid-state
structure, and the secondary C* shifts (A8) are consistent with the location of the -strands in
DHFR, with a slight negative deflection on the scale presented in Fig. 5.

Loops generally created the most difficulty in the assignment process, presumably stemming
from exchange broadening of the resonances as well as from the increased exchange rate of the
amides with the saturated solvent. However, certain segments of the B-strands were also difficult
to assign sequentially by using both NOE and backbone J-coupling-based methods. In particular,
residues 151-153 were missing both B;N;, ; NOEs and HN(CO)CA correlation; these residues do



360

TABLE 1
'H, N AND C CHEMICAL SHIFTS FOR DIHYDROFOLATE REDUCTASE®

Residue HN  NH H c B P w (oif Other

Met! 4.24 52,3 232,242 30.0 2.60,2.69 277

N2 940 1246 4.69 588 197 3740 183093  (15.6) 1.04 (H); 11.4 (CY

Ser® 944 1257 6.01 54.3 3.80,4.24 63.7

Leu* 8.56 1219 5.58 51.6  1.93 1.96 27.6 0.99, 1.07 (HS); 22.6,23.9 (Cs)
M 867 1201 6.10 558 1.3 213,220 (1.03) (13.5) 034 (H%); 122 (CY)

Ala® 855 1264 478 50.6 0.80 23.2

Ala’ 770 1219 4.78 48.1 1.14 17.8

Leu® 9.01 1228 4.69 514 1.28 26.0 0.33, 0.48 (H%; 23.3, 23.3 (CY)
Ala® 8.72 1246 498 477 170 17.1

Val®® 7.80 1185 3.86 63.0 2.11 29.6 1.03,1.11 18.6,20.5

Asp  9.03 121.8 4.38 541 292,312 369

Arg? 8.50 108.0 3.76 553

Val®? 6.87 120.6 3.84 62.6 1.83 30.1 0.80,1.00 18.4,21.3

Tle' 7.88 1194 5.01 57.1 211 39.0  0.87,147(1.21) (15.6) 1.09 (H%; 11.2 (C%

Gly" 8.64 108.3 3.86,4.12 433

Met'S 845 119.3 4.62 525 1.97,2.10

Glu? 8.85 1225 391 57.1 212,217 2.27,2.37 33.5

Asn'®  8.31 11438 4.47 51.6 2.84 35.6

Ala®® 7.84 121.7 4.33 493 1.27 16.9

Met® 7.66 1193 4.34

Pro* 4.40 61.0 2.01,2.10

Trpzze 6.36 1143 495 52.8 10.37 (N®H); 132.9 (N®)
Asp® 947 1189 4.84 512 271,297 378

Leu® 922 1228 541 48.8 0.88,1.78 1.49 0.16, 0.93 (H%; 24.3, 23.4 (Cs)
Pro® 429 633 1.89,2.37

Ala? 9.04 1195 4.21 529 134 16.9

Asp” 748 1186  4.89 54.5  2.05,2.88

Leu® 7.65 121.3 4.04 553 143,172 38.0 1.61 24.5 0.35, 0.63 (H?); 19.8, 22.0 (Cs)
Ala® 8.04 120.5 4.13 52.7 1.50 15.2

T 759 1238 4.06 58.0 10.41 (N°H); 130.1 (N9)
Phe’™® 911 1232 3.58 594 2.75,3.35

Lys® 8.75 1234 347 58.2 1.84,1.94 2.86 (H®)

Arg® 832 1173 3.79 56.8 1.53,1.79 1.40, 1.45 3.05 (H%; 41.4 (oy)
Asp* 719 1112 4.15 522 1.36

Thr* 7.14 107.2 391 59.8 343 673  0.10 17.7

Leu® 7.60 1219 344 546 139,153 399 1.57 23.1 0.81, 0.81 (H%; 21.7°(C%)
Asp” 788 1134 4,42 524 3.02 349

Lys® 7.84 1193 4.81 1.49

Pro* 5.07 60.0 1.98,2.21

Val¥ 873 1139 5.52 549 1.81 31.8 0.65,0.83 19.6,17.5

Te* 8.52 1218 4.96 572 1.16 37.8  0.55,1.31(0.56) (14.7) 0.44 (H%; 12.1 (Cs)
Met? 9.06 125.1 5.70 49.7

Gly® 895 1058 431,491 415

Arg® 898 1194  4.00

His** 4.47 57.0  3.40, 3.58

Thr* 832 1215  4.03 659 425 66.6 1.34 18.4

Trp”  8.04 1235 455 57.9 10.19 (N°H); 127.6 (N%)
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TABLE 1

(continued)

Residue HN  NH He c*  HP ¢ H Cv Other

Glu® 851 1178 3.40 56.5 1.93,2.10 2.30,2.75 34.7

Ser 769 1140 4.17 58.8 3.98,4.04 61.5

1e® 793 121.7 3.63 63.1 146 363  0.26,1.56 (0.56) (14.6)  0.34 (H%; 11.1 (CY

Gly' 758 1051 3.04,365 434

Arg? 694 1162 439 1.69, 1.96

Pro*® 427 59.8  1.79,2.00

Leu™* 937 1261 442 50.0 1.67 23.6  0.53,0.83 (H%; 24.1, 19.2 (C%)

Pro* 4.45 60.4 196,229 4.05 (H%

Gly* 3.75,3.92 441

Arg¥ 723 1182 442 522 1.29

Lys® 737 1232 440 538 1.63,1.71 2.86 (H°)

Asn®  9.05 1258 4.80 513 284 6.67, 7.26 (N°H2); 109.3 (N?)

T1e® 885 1265 447 575 1.78 372 0.78,1.26 (0.65) (16.4) 0.68 (H%; 13.2 (CY)

Tle® 882 1272 4.64 557 0.85 342  ~041,0.03 (15.9) —0.43 (H; 8.5 (CY
0.24)

Leu® 883 1288 4.80 50.7 1.68 1.46 256 0.59,0.81 (H%; 24.0,21.9 (CY

Ser®® 890 1193 483 3.69,4.06 62.6

Ser® 4.40 58.2

Gln®* 831 121.5 467 50.6 1.79,2.00 264 233 31.2

Pro% 4.01 60.6 155,212 295 1.88 249 3.53 (H%; 47.8 (C%)

Gly" 596 107.5 206,281 414

Thr®  7.00 107.0 4.18 58.7  4.40 67.3  0.96 18.5

Asp® 750 1217

Asp™ 525

Arg”t 887 1183 424 549 192 2.05

Val”? 715 108.0 4.51 560 129 308 -0.53,0.19 14.0,19.9

The®  7.73 1167  4.37 60.6 3.78 68.6 1.11 18.4

Trp™ 884 1290 501 539 296,342 9.98 (N°H); 130.4 (N®)

val® 928 1163 490 565 225 334 065,075 15.6,19.7

Lys™ 855 1157 4.90 538 182,193 1.70,1.75 1.50 (H%); 2.95 (H?)

Ser” 733 111.9 485 53.8  3.88,4.23 65.5

Val® 881 1227 342 64.5 183 28.2  0.42,051 17.7,19.9

Asp” 836 1174 436 554 2.50,2.60

Gl® 789 1205 4.05 56.7 2.10,2.42 2.60, 2.69

Ala®' 836 1224 397 533 1.69 15.5

Tle® 8.18 1163  3.66 63.7 194 374 1.12,2.12(0.93) (14.1) 1.02 (H%; 10.8 (C%

Al® 813 1237 4.14 527 150 15.2¢

Ala®* 800 1190 4.14 513 1.50 15.2

Cys® 744 1143 399 599 3.33

Gly* 719 103.1  3.80,3.95

Asp¥ 51.2

Val®® 725 1146  4.78 56.1 242 295 0.64,0.98 15.0,19.2

Pro® 4.36 62.6 191,238

Gl™® 777 1168 4.98 536 171,178

Tle” 8.74 1297 393 58.9 1.70 39.1  1.62(0.78) (15.4)  0.98 (H®; 11.6 (C%)

Met” 806 121.7 525 495 226

Val”® 924 1242 445 599 228 29.8  0.18,0.71 17.1, 19.7
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TABLE 1 (continued)

Residue HN NH H* c:  HP (o H (oig Other

Ie* 890 1181 5.6l 590 2.67 369 (0.92) (14.6)  1.02 (E%; 123 (CY)
Gy® 616 1050 241,411 39.6
Gly* 8.08 1089

G1y97

Arg® 421 563 1.90 2.00

val® 736 1209 388 564 195 29.1  0.79, 1.01 20.0, 19.2

Tyr'® 883 1180  4.38 58.2

Glu® 825 1166 3.76 577 2.20,2.28 227,245 34.1

Gh'® 7.85 1152 4.03 564 2.05,2.16

Phe'™® 786 1122 446 57.6  2.93,3.11

Leu'™ 833 1233 433 584 1.52,2.02 1.87 248 095,095 (H%; 21.9, 24.1 (C)

Pro!® 4.58 636 181,249

Lysi® 751 1124 445 527 187

Al 804 1226 4.64 500 179 18.4

Gln™® 927 1178 461 533 215,243 295 2.52,2.59 322

Lys® 781 1204 575 539 224 34.6 2.77 (EF)

Leu'® 9.03 1218 520 507 140 0.72 227 081, 0.58 (H%; 21.2,22.1 (CY)

Tyr''® 945 1219 524 53.6  2.62,3.23

Leu'® 90.66 1233 527 506 144 1.09 234 —0.03,0.36 (H%; 19.4, 23.2 (C}

The'® 807 1174  5.06 578 3.90 672 0.77 19.7

His'® 917 1264 487 523 2.89

'™ 918 1279  4.03 589 0.77 373 —0.12,0.84 (14.8)  —0.83 (£%; 10.8 (CY
(0.09)

Asp'® 821 1292 472 513 2.60,2.80

Ala'7 812 1248 464 488  0.99 19.4

Glu'® 855 1226 4.67 534 1.95,2.00 2.11,2.28 33.9

val'® 858 1223 4.43 576 1.94 329 0.83,0.83 17.8°

Glu'® 850 1250 443 535 1.91,2.00 223,228 33.8

Gly'? 806 1102 399,414 426

Asp? 824 1172 482 517 273

The'® 804 1153 456 595 413 679 1.29 18.7

His™® 877 1214 549 51.8  2.87,3.19

Phe?® 907 1248 443

Pro'? 427 60.6 1.68,2.18 1.49 3.30 (E)

Asp¥ 800 1177 429 525 243,256 395

Tyr'® 726 1183 4.80 52.6 '

Glu™® 892 1237 461 2.17,2.23

Pro!® 443 63.6 205,244

Asp™ 883 1142  4.59 S39 262,272

Asp'® 810 1175 4.64 523 247,292

TrpB* 7.67 1194 486 53.9  2.89,3.10 10.25 (N°H); 127.8 (N9)

Glu'™ 946 1228 4.69 51.6 183,207

Ser'™ 902 1210 483 564 3.9 60.0

Val® 900 121.8  4.68 591  2.45 299  0.85,0.95 15.8,18.5

Phe™™ 790 1233 478 561 267

Ser'®  7.56 1195 5.25 547 348,353 62.6

Glu'® 867 1254 423 540 211

Phe® 860 1287 429 2.72,2.82 6.94 (H'); 7.19 ()
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TABLE 1 (continued)

Residue BN NH  H® c: P b H Cr Other

His™° 801 1230 4.13 518 097

Asp'? 802 1203 452 51.0 241,281

Ala'® 806 1225 3.91 503 1.1 16.0

Asp'™ 907 1210  4.66

Al 811 1176  4.10 523 143 15.5

Gln'* 808 1131 444 544 197,2.04 235 32.1

Asn' 832 1192 563 S0.5  2.53,2.93 389

Ser'® 876 1174 4.12 59.8

His®® 720 1195 4381 534 231,316

Ser'® 835 1126 441 563  4.04,4.18 62.1

Tyr'S 767 1149 522

Cys'™ 826 1186 496 273

Phe'™® 839 1278 512

Lys™ 977 1239  5.51 525 211

Ie's 869 1239 539 578 1.69 382 0.99,1.93(044) 147  0.68 (H%; 10.6 (CY)
Leu 920 1258 579 SI.1 140,171 L.55 263 0.62,0.85 (EH%); 24.2, 23.5 (CY)
Glu'™ 929 1195 539 523 190,2.14 314 232 342

Arg™ 813 1268 342 547 1.39,1.54

Arg'™ 800 1314  4.00 559 145 175 3.14 (H9)

2 Experimental conditions: 95% H,0/5% *H,0, 100 mM phosphate, pH 6.8, 303 K. The *C chemical shifts were deter-
mined at 298 K.

® The "*CP of Ile? and Ile®? overlap.

¢ For many methylene groups, both CH, resonances could not be assigned.

4 Resonance assignments for C'H, of isoleucine side chains are indicated in parentheses.

¢ The side-chain assignments for several aromatic residues have been published (Falzone et al., 1990).

fThe two "*CH, for this side chain cannot be distinguished in the HCCH experiments.

£ The *CH, of Ala® and Ala® overlap.

display slowly exchanging amide resonances (observed in *H,O after 30 h at 303 K). These
residues are in the hydrophobic cluster which includes Leu®, Trp®, Tyr'!, Ile''>, Phe!¥’, Tyr'*,
Phe'** and Ile'. Some process, such as the ring flip of a tyrosine (the side chain of Tyr"' is
difficult to detect in the folate complex) or an exchange phenomenon associated with a destabili-
zation, caused by the B-bulge at residues 136-137 (which displays sequential N,N;, ; and intra-
strand NOEs to Ile!** and Leu', consistent with its existence in solution), could be causing the
detection problems with the resonances in this region. Clearly, insight will be provided by the
backbone dynamics experiments on the binary complex of DHFR.

The conformation of substrate

To provide a sensitive method for detection of possible multiply bound forms of folate and to
define more clearly the conformation of substrate in the active site, a 2D *C HSQC-NOESY
spectrum was recorded with unlabeled protein and *C-labeled substrate in slight excess over the
enzyme. For these experiments, a C-7 and C-9 doubly labeled folate was used, with the C-7
position being the important reporter on the environment of the pteridine ring in the active site.
These experiments provided an effective means of removing the signals of protons not coupled to
BC. Therefore, the problems associated with detecting low-concentration multiple conformations
of folate in the binary complex by 'H NMR methods alone are alleviated in the *C HSQC-
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HSQC-NOESY (100 ms)
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Fig. 7. Region of the 100-ms HSQC-NOESY spectrum, obtained from the complex of *C-7/"*C-9 folate with DHFR (mole
ratio 1.3:1). In this region, where the C-7 resonance is found, the only signals detected arise from the free and a single
bound form of the '*C-7 on folate. Also indicated in this figure are the NOEs between bound folate and the protein matrix,
the exchange cross peaks between the free and bound forms, and the transferred NOEs from the free C-7 resonance. The
structure of the pteridine ring of folate is shown in the upper right-hand corner; the labeled carbons are indicated with an
asterisk. A cross peak, presumably arising from photocleavage of the pteridine ring with the p-aminobenzoyl ring, is
indicated by an asterisk.

NOESY experiment with the *C-labeled substrate. Figure 7 shows a 100-ms 2D *C HSQC-
NOESY with the *C region near any of the expected bound forms and the free form of *C-7
plotted. NOEs from C7-H of bound folate to the protein matrix are observed, including those to
C®H/C*H of Phe®, C*H and CPH; of Ile** and the C'H, of Ile®. The only other resonance found
arises from the free *C-7 and shows a transferred NOE’ to the CPH, of Ile** and an exchange cross
peak to the single bound form: no other bound forms can be detected, whether being from an
active conformation which would show NOEs to Ile®, Ile** and Phe® or an inactive conformation
which has the pteridine ring turned over and displays NOEs to Leu® and a chemical shift similar
to H7 on the MTX ring (ca. 8.15 ppm). (A sharp *C resonance from an impurity is present,
presumably from the photocleavage of the substrate, and is marked in the spectrum.)

Single protein resonances were also found in this study of the folate complex. To illustrate this
point, examination of Fig. 3 shows a plane (**N = 121.9 ppm) from the "N TOCSY-HSQC
experiment, containing resonances of several residues (Leu®, lle¥, Leu''?, Tyr'"" and His**') that
sample two environments in the MTX complex. There is no evidence at this or other N chemical
shifts for multiple protein conformers. Figure 2 shows a slice (*C = 19.52 ppm) of the HCCH-
TOCSY spectrum, with the assignment of residues indicated. Of the resonances in this plane,
several were doubled in the MTX complex (Val'’, Leu*, Val®® and Leu''?) but no residues are seen
in two environments at this or any other '*C chemical shift.
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CONCLUSIONS

The results from the “C-labeled substrate indicate that the E. coli enzyme is unique among the
DHFRs studied so far: its two major enzyme conformers both bind the inhibitor MTX and show
doubled protein and inhibitor 'H resonances (Falzone et al., 1991), whereas its complex with
folate shows single resonances for both substrate (Fig. 7) and protein (see Fig. 1), stemming from
the binding of folate by one of the major (the active) protein conformers. Therefore, within the
detection limits of both the N and '*C experiments, these new results indicate that the folate
complex of this enzyme exists in solution predominantly in its active conformation, that is, a
conformation poised for reduction by NADPH. Owing to the multiple protein forms that are
found in solution for the apoprotein (Cayley et al., 1981; Falzone et al., 1991), the multiple forms
exhibited by the L. casei DHFR—folate complex (Birdsall et al., 1987), and the similarity of the
two bacterial solid-state structures (Bolin et al., 1982), it is remarkable to detect only a single form
for the E. coli enzyme in the binary folate complex. It is possible that the multiple forms for L.
casei DHFR are a consequence of its greater tendency to reduce folate than the E. coli enzyme.
In other words, to reduce both the 5-6 and 7-8 bonds, some substrate flexibility may be required
and this is manifested by the multiple folate forms in the L. casei protein. Another important
difference between E. coli DHFR and enzyme from other sources (human and L. casei) is that the
inhibitor (MTX) binds to two protein conformers with nearly the same affinity and the same
general orientation in the active site in the E. coli protein (both show NOEs between H7 and Leu®
(Falzone et al., 1991)), whereas binding of MTX is observed to only one protein isomer for
human (Stockman et al., 1992) or L. casei (Carr et al., 1991) DHFR.

The ability of DHFR to bind substrate and inhibitor in very different conformations and the
existence of a flexible loop that collapses in the active ternary complex suggest a pliable active site,
whose properties can be altered by subtle changes in tertiary structure. Therefore, the small
differences in the tertiary structures for the two bacterial enzymes must account for the differen-
tial affinities of the two (major) enzyme conformers for the substrate folate. The existence of at
least two interconverting conformers in solution, with different affinities for substrate and inhibi-
tor, suggests that there should be structural differences between these forms which are responsible
for this behavior. The existence of these and possibly other significantly populated intercon-
verting protein conformers may contribute to the complex multichannel folding mechanism of E.
coli DHFR (Touchette et al., 1986; Jennings et al., 1993).
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